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ABSTRACT 


In  this  thesis  we  analyze  the  performance  of  the  forward  channel  of  a  DS-CDMA 
cellular  system  operating  in  a  Rayleigh- fading,  Lognormal-  shadowing  environment.  We 
develop  an  upper  bound  on  the  probability  of  bit  error,  including  all  the  participating 
interference.  In  addition,  various  techniques  such  as  sectoring  and  forward  error 
correction  in  the  terms  of  convolutional  encoding  are  applied  to  optimize  the 
performance.  We  further  improve  the  performance  by  applying  a  narrow  bandpass  filter 
in  the  pilot  tone  branch  of  the  demodulator.  We  then  adjust  the  bandwidth  of  the  filter  in 
the  means  of  the  interference  power  passing  through  and  observe  the  effects  on  the 
probability  of  bit  error  of  the  system.  Moreover,  pilot  tone  power  control  is  added  to 
enhance  the  demodulation.  Finally,  in  this  thesis  a  simple  single  cell  system  functioning 
as  a  port- to  -port  network  communication  between  very  small  numbers  of  users  is 
analyzed. 
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EXECUTIVE  SUMMARY 


An  increasing  demand  for  high  data  rate  applications  and  greater  mobility  has  led 
to  the  development  of  a  third  generation  of  service  (3G).  The  existing  second- generation 
system  was  originally  designed  for  wireless  voice  communications  and  thus  could  not 
afford  applications  such  as  wireless  full  internet  access  or  high  quality  image  and  video 
transmission.  The  third  generation  mobile  cellular  system  employs  Code  Division 
Multiple  Access  (CDMA)  that  can  increase  the  capacity  many  times  over  the  present 
systems.  Wideband  CDMA  systems  are  expected  to  offer  high  data  rate  services,  up  to  an 
outstanding  2  Mbps,  which  currently  cannot  be  provided  by  existing  cellular  systems. 
However,  unlike  Frequency  Division  Multiple  Access  (FDMA)  and  Time  Division 
Multiple  Access  (TDMA),  that  are  bandwidth  limited,  Wideband  CDMA  (W-CDMA) 
systems  are  interference  limited.  The  primary  interference  sources  are  intracell  and 
intercell  interference,  however  additive  white  Gaussian  noise  (AWGN)  is  also 
considered.  In  order  to  maintain  an  acceptable  quality  of  service  and  enhance 
performance,  some  forms  of  interference  reduction  are  utilized  in  W-CDMA  systems. 
Thus,  the  performance  of  such  cellular  systems  taking  into  account  all  the  interference 
parameters  had  to  be  explored. 

Accordingly,  we  set  up  a  forward  channel  for  a  DS-CDMA  cellular  system.  We 
built  an  information  signal  and  we  propagated  it  through  the  medium  channel  applying  all 
the  appropriate  losses,  effects  and  interferences.  We  use  the  extended  Hata  model  to 
predict  the  large-scale  path  loss  and  we  further  incorporate  lognormal  shadowing  to 
express  the  power  fluctuations  between  users  at  same  distance  from  the  base  station. 
Moreover,  we  use  Rayleigh  fading  to  express  small-  scale  propagation  effects,  caused  by 
multipath  and  Doppler  shift  of  the  signal.  We  set  the  receiving  mobile  user  at  the  edge  of 
the  center  cell,  assuming  the  worst-case  scenario.  Finally,  we  form  the  total  received 
signal  by  the  examined  user  including  the  intracell  and  intercell  interference  as  well  as 
the  Additive  White  Gaussian  Noise  (AWGN). 


xv 


A  significant  factor  in  determining  the  quality  of  service  is  the  Signal  to  Noise 
plus  Interference  Ratio  (SNIR).  Thus,  we  demodulate  the  received  signal  and  we  develop 
the  SNIR.  We  develop  an  upper  bound  on  the  probability  of  bit  error  for  the  forward 
channel  and  therefore  we  explore  the  performance  of  an  unfiltered  system  that  takes  into 
account  all  the  received  interference.  We  then  optimize  the  performance  using  various 
techniques. 

Accordingly,  we  incorporate  Forward  Error  Correction  (FEC)  and  we  develop  an 
upper  bound  on  the  bit  error  probability  for  the  coded  system.  We  simulate  the 
probability  of  bit  error  using  Monte  Carlo  simulation  method  and  we  compare  the 
performance  results  with  previous  work  done.  The  large  amount  of  interference  imported 
from  the  pilot  recovery  branch,  is  responsible  for  the  quite  poor  performance  that  is 
achieved.  Thus,  in  order  to  limit  the  power  of  the  interference  terms  down,  a  narrowband 
filter  is  applied  at  the  pilot  tone  recovery  branch.  Further  reduction  of  the  intercell 
interference  is  acquired  by  antenna  sectoring  and  thus  we  achieve  an  acceptable 
performance  for  the  coded  DS  CDMA  system.  However,  whenever  we  increase  the 
amount  of  interference  passing  through  the  filter,  apply  heavy  shadowing  conditions  or 
augment  the  number  of  users  per  cell,  the  performance  of  the  system  diminishes,  below 
the  standards.  Therefore,  we  induce  power  allocation  at  the  form  of  power  control  of  the 
pilot  tone  channel.  We  derive  a  relation  between  the  power  allocated  to  the  pilot  tone  and 
the  other  channels,  and  we  develop  the  probability  of  bit  error  for  the  power-controlled 
system. 

Finally,  we  explore  the  performance  of  a  simple  single  cell  system  operating  in  a 
Rayleigh  fading,  Fognormal  shadowing  environment.  In  particular  we  examine  the 
functionality  of  this  system  as  a  port  to-to-port  communication  between  two  to  five  users. 
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I. 


INTRODUCTION 


A.  BACKGROUND 

Nowdays,  the  increasing  demand  for  high  data  rate  applications  and  greater 
mobility  has  led  to  the  development  of  a  third  generation  of  service  (3G).  The  existing 
second- generation  system  was  originally  designed  for  wireless  voice  communications 
and  thus  could  not  afford  application  as  wireless  full  Internet  access  and  high  quality 
image  and  video  transmission.  The  third  generation  mobile  cellular  system  employs  code 
division  multiple  access  (CDMA)  that  can  increase  the  capacity  many  times  over  the 
present  systems.  Wideband  CDMA  systems  are  expected  to  offer  high  data  rate  services, 
up  to  2  Mbps,  which  currently  cannot  be  provided  by  existing  cellular  systems.  However 
speed  connection  may  drop  to  144  Kbps  for  faster  moving  users,  which  is  much  faster 
than  a  wired  Internet  modem  connection  (56  Kbps).  The  third  generation  system  is 
already  been  used  in  Japan  and  is  going  to  be  implemented  in  Europe  in  2002.  However 
for  the  United  States  is  not  expected  to  be  on  line  before  2004. 

B.  OBJECTIVE 

Unlike  Frequency  division  multiple  access  (FDMA)  and  Time  division  multiple 
access  (TDMA)  that  are  bandwidth  limited,  wideband  CDMA  systems  are  interference 
limited.  The  primary  interference  sources  for  the  forward  channel  of  such  systems  are 
intracell  and  intercell  interference,  as  well  as  the  additive  white  Gaussian  noise  (AWGN). 
Therefore,  the  objective  of  this  thesis  is  to  define  a  comprehensive  Signal  to  Noise  plus 
Interference  Ratio  (SNIR),  a  significant  factor  of  the  quality  of  service  experienced  by  the 
user.  Using  that,  we  aim  to  develop  an  upper  bound  on  the  probability  of  bit  error  for  the 
forward  channel  of  a  CDMA  cellular  system  operating  in  a  slow  flat  Rayleigh  fading 
environment  affected  by  Fognormal  shadowing.  In  order  to  maintain  an  acceptable 
quality  of  service  and  capacity,  we  intend  to  utilize  some  form  of  interference  reduction. 
Specifically,  we  can  get  advantage  of  the  flexibility  of  Wideband  CDMA  and  incorporate 
novel  features  that  can  optimize  the  system  performance  and  limit  the  effects  of  the 
interference.  Such  features  are  convolution  coding,  sectoring,  pilot  tone  filtering,  and 
pilot  tone  power  allocation.  Finally,  we  object  to  analyze  the  performance  of  a  single  cell 
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system  operating  as  a  port-to  port  network  communication  between  small  numbers  of 
users. 

C.  RELATED  WORK 

There  are  a  lot  of  related  researches  on  the  DS-CDMA  channel.  However  most  of 
the  work  done  was  focused  on  the  reverse  channel,  which  is  generally  much  different 
than  the  forward.  A  very  comprehensive  analysis  of  a  DS-CDMA  forward  channel  has 
been  done  in  [1],  While  in  this  investigation  both  Lognormal  shadowing  and  Rayleigh 
fading  effects  using  convolutional  encoding  are  considered,  the  interference  from  the 
pilot  recovery  channel  is  being  ideally  filtered  out  and  is  not  taken  into  account. 

Furthermore,  [1]  optimizes  power  using  fast  power  control  instead  of  pilot  tone 
power  control.  There  are  several  other  relative  publications  that  investigate  the  DS- 
CDMA  performance.  However  in  these  researches  either  Nakagami  or  Ricean  fading  is 
considered  as  in  [2]  and  [3]  respectively,  or  FEC  in  the  form  of  Golay  codes  is  applied,  as 
in  [4].  Moreover,  the  single  cell  performance  analysis  has  not  yet  been  analytically 
investigated,  so  the  related  work  is  quite  limited. 

Summarizing,  we  can  conclude  that  previous  analysis  of  the  forward  DS-CDMA 
cellular  system  didn’t  consider  the  effect  of  the  interference  from  the  pilot  recovery 
channel.  Therefore  a  comprehensive  work  that  would  include  and  extend  previous 
research  needs  to  be  accomplished. 

D.  THESIS  OUTLINE 

In  Chapter  II  we  set  up  a  forward  channel  for  the  DS-CDMA  cellular  system.  We 
also  build  an  information  signal,  which  we  propagate  through  the  medium  channel 
applying  all  the  appropriate  losses  effects  and  interferences  such  as  path  loss,  shadowing, 
fading  or  noise.  Finally  we  form  the  total  received  signal  by  the  examined  user. 

In  Chapter  III  we  set  the  mobile  user  in  a  position  in  the  center  cell  of  the  seven¬ 
cell  cluster  assuming  the  worst-case  scenario.  We  demodulate  the  received  by  the  user 
signal  and  we  develop  the  Signal  to  Noise  plus  Interference  Ratio  (SNIR),  taking  into 
account  all  the  interfering  terms.  We  then  incorporate  convolutional  encoding  and  find  an 
upper  bound  on  the  bit  error  probability  for  the  coded  system.  We  simulate  the 
probability  of  bit  error  using  Monte  Carlo  simulation  method  and  we  compare  the 
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performance  results  with  previous  work  done.  Next  we  apply  filtering  at  the  pilot  tone 
recovery  branch  and  we  revise  the  already  developed  probability  of  error  by  limiting  the 
interference  terms’  power.  Finally  we  further  reduce  interference  by  implying  sectoring 
to  the  antennas  and  examine  the  resultant  performance  for  various  channel  conditions. 

In  Chapter  IV,  we  further  optimize  the  performance  of  the  system  by  introducing 
power  control  to  the  pilot  tone  channel.  We  derive  a  relation  between  the  power  allocated 
to  the  pilot  channel  and  the  other  users  and  we  compare  the  resultant  probability  of  bit 
error  with  previous  work  done. 

In  Chapter  V,  we  present  a  simple  case  of  a  single  cell  environment,  where  a  port- 
to-port  communication  between  two  or  three  users  is  required.  Therefore,  we  adopt  the 
already  developed  probability  of  bit  error  for  the  seven-cell  cluster,  revising  it  to  a  much 
simpler  form  where  intercell  interference  is  eliminated.  We  simulate  the  probability  of  bit 
error  and  we  compare  the  results  for  a  small  number  of  users  and  different  shadowing 
conditions.  We  optimize  the  receiver  adding  a  narrowband  filter  at  the  pilot  tone 
acquisition  branch  channel  and  we  examine  the  performance  for  a  larger  number  of  users. 

Finally  in  Chapter  VI  we  summarize  our  conclusions  and  provide  areas  of  further 
research. 
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II.  FORWARD  CHANNEL  MODEL 


In  this  chapter  we  are  going  to  examine  analytically  the  forward  channel,  which  is 
the  traffic  channel  that  carries  the  signal  from  the  base  station  to  the  mobile  user.  This 
channel,  as  discussed  earlier,  is  very  important,  much  more  than  the  reverse  channel,  due 
to  the  increased  need  for  downloading  very  large  amounts  of  data  at  high-speed  rates. 

Accordingly  we’ll  first  set  up  a  forward  DS-CDMA  channel,  and  then  an 
information  signal  that  we  will  propagate  through  the  medium  channel,  applying  all  the 
appropriate  losses,  effects  and  interferences,  such  as  path  loss,  shadowing,  fading  or 
noise.  [1]. 

A.  BUILDING  THE  DS-CDMA  FORWARD  CHANNEL 

A  typical  seven-cell  cluster  is  shown  in  Figure  2.1.  The  user  we  are  going  to 
examine  is  user  #1  of  the  center  cell.  The  layout  of  the  base  stations  and  cells  is  assumed 
to  be  as  shown  .We  know  that  in  practice,  the  cells  are  circular  overlapping  each  other. 
However  for  practical  reasons,  we  will  use  the  hexagonal  cells  cluster  in  our  model, 
which  is  commonly  used  in  theory. 


Figure  2.1.  Typical  Seven-Cell  Cluster. 

Building-up  the  forward  signal,  we  will  try  to  comply  with  the  notation  set  in  [1], 
so  that  a  comparison  of  our  results  and  formulas  with  previous  work  can  be  done. 
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We  represent  the  information  signal  for  the  mobile  user  k  as  bk(  t)e  {±1 },  with  bit 
duration  T.  Each  bit  is  spread  by  a  factor  of  N,  using  orthogonal  Walsh  functions  Wv, 
Ne  (0,1 . . .  127),  resulting  to  chip  duration  of  TC=T/N.  We  should  note  that  the  spreading  of 
each  binary  sequence  is  not  the  same,  but  varies  according  to  the  Walsh  function  W,v  that 
is  used.  Furthermore,  the  orthogonality  of  the  Walsh  functions  assures  that  intracell 
interference  is  eliminated. 

In  order  to  ensure  equal  spreading  for  all  the  information  signals  we  will  use  PN 
sequences,  apart  from  the  Walsh  spreading.  We  call  c(t )  the  PN  sequence  for  the  center 
cell  and  c,(t),  /'=  1 ,2. .  .6,  for  the  other  cells  respectively.  All  the  PN  sequences  have  the 
same  length  A=128,  acquiring  equal  spreading  of  the  information  bits  and  minimizing 
intercell  interference  as  well. 

Finally,  after  spreading,  the  information  signal  is  BPSK  modulated  and  finally  is 
ready  for  transmission. 

Summarizing  all  that,  the  transmitted  signal  for  the  k-\h  user  can  be  described  as 

[Th]: 

s*(0  =  >/2^7MK<  H0cos(2tc  fct),  (2.1) 

where 

k  =  mobile  user  or  channel  k  in  the  center  cell, 

Pr,yt=  the  average  transmitted  power  in  the  A- th  channel , 

bk( l)=  the  information  signal  for  the  k- th  user  channel  in  the  center  cell, 

W/;(f)=  Walsh  function  for  the  A: -th  user  channel  in  the  center  cell, 

c(t)=  PN  spreading  signal  for  the  center  cell,  and 

fc=  the  carrier  frequency  of  the  signal, 

The  sum  of  all  the  signals  transmitted  by  the  base  station  of  the  center  cell  to  all 
the  users  in  the  cell  is: 
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s0{t)  =  ^S*  (r)  =  i,yl2ptM  Kf  'p  {t) COS  (2k  fct) ,  (2.2) 

£=o  *=0 

where  A'  is  the  number  of  the  active  channels  in  the  center  cell. 

Next  we  will  describe  the  effects  and  phenomena  that  take  part  in  the  propagation 
of  the  signal. 

B.  PROPAGATION  IN  THE  MOBILE  RADIO  CHANNEL 

The  transmitted  signal  suffers  different  type  of  losses  and  effects  during  its 
propagation  from  the  base  station  to  the  mobile  user.  These  are  the  path  loss  due  to  the 
distance  between  the  base  and  the  user,  the  lognormal  shadowing  effect  due  to  the 
different  levels  of  clutter  on  the  propagation  path,  and  the  small  scale  fading  due  to 
multipath 

1.  Large  Scale  Path  Loss 

The  power  of  a  signal  propagating  at  a  large  distance  d  decreases  logarithmically 
with  distance,  using  a  path  loss  exponent  n  related  to  the  characteristics  of  the 
environment.  In  general,  the  average  path  loss  can  be  expressed  after  [5]  as: 

Tn{d)  =  Z(d0)  +  l(klog(^-)  (in  dB),  (2.3) 

d0 

where  L(d0 )  is  the  average  path  loss  at  the  reference  distance  do  calculated  using  the  Friis 
free  space  equation. 

For  cellular  communications,  the  extended  Hata  model  is  commonly  employed  to 
predict  the  median  path  loss  Lh  in  dB  as  follows: 

4  =46.3+33.91og-i—  13.821og^-a(/,,r„t,„) 

MHz  m  . 

/  7  \  •  / 

+(44.9-6.551og^)log  — +  C?  , 
m  km 

where 

a(/w)  =  (ldlog^-0.7)^-(1.561og-^--0.8)  (in  dB), 

MHz  m  MHz 

and 
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|0  dB,  for  medium  sized  city  and  suburban  areas 
1  [3  dB,  for  metropolitan  centers. 

The  extended  Hata  Loss  model  is  restricted  to  the  following  range  of  parameters 

[Rap]: 

fc  =  1500  MHz  to  2000  MHz, 
hbase= 30  m  to  200  m, 

hmobiie=  1  m  to  20  m, 

d=  1  Km  to  20  Km. 

Accordingly  in  our  model  we  are  going  to  use  parameters  that  lie  in  between  these 
restrictions,  and  mostly  near  the  worst-case  limits,  such  as: 

/c=2000  MHz, 

hbase — 30  m  , 

h  mobile — 1  ,  (2.5) 

d=  1  Km. 

Cm=3  dB,  for  a  metropolitan  center. 

2.  Log-Normal  Shadowing 

The  formula  we  used  in  (2.4)  for  the  path  loss,  does  not  consider  the  fact  that  the 
surrounding  environmental  clutter  may  vary  between  two  locations  with  the  same 
distance.  This  phenomenon  is  known  as  shadowing. 

Eventually  the  path  loss  Lx  id)  at  a  particular  location  is  random  and  is  distributed 
lognormally  [5].  So  we  have: 

Lx(d)=  L(d)X,  (2.6) 

where  X  is  a  lognormal  random  variable  X~?  (0, ?odB),  with  mean  ju?  =  ?/udB= 0  and 
variance  ?odB,  with  ?=lnl0/10,  as  defined  in  [1], 

Accordingly,  when  the  extended  Hata  model  is  employed,  we  can  add  the 
lognormal  shadowing  in  (2.4)  and  the  median  path  loss  can  be  calculated  as 
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Lx(d)=  LH(d)X 


(2.7) 


We  further  assume  that  the  base  station  transmits  a  limited  amount  of  total  power 
P  to  all  the  channels.  If  we  assume  that  all  channels  will  be  transmitted  with  a  base  line 
signal  power  Pt  then  we  can  relate  the  signal  power  Pt,k  in  each  channel  k  to  Pt  using  the 
power  factor/*  as  follows: 

P,*=fkPt  (2-8) 

where,  the  power  factor  will  be  /*=  1  for  all  channels  in  a  uniform  power  allocation. 
However,  in  the  pilot  control  case  that  we  examine  in  Chapter  III,  we’ll  need  to  increase 
the  pilot  tone  power  factor  fo  in  order  to  enhance  synchronization  between  the  base 
station  and  the  mobile  user. 

If  we  apply  the  Hata- lognormal  losses  of  the  channel  and  simplify  the  antenna 
gains  and  the  system  losses  to  one,  the  received  power  Pk  from  the  k,h  channel  can  be 
defined  as: 


where 


P'*  _  M 

LH(d)X  LH(d)X 


(2.9) 


f k  =  the  power  factor  used  to  adjust  the  power  in  the  kth  channel, 
Pt  =  the  baseline  signal  power, 

Lh  =  the  median  path  loss  using  the  Hata  model , 

X  =  the  Lognormal  random  variable  ?  (OXo  ilB). 


As  shown  in  [1],  Pk  is  a  lognormal  random  variable,  with  Pk  ~  A(p/;  XodB ) , 
where  (i,,  =  HfkP,  !LH). 

3.  Small  Scale  Fading  due  to  Multipath 

Small  scale  fading  is  the  amplitude  fluctuations  of  the  signal  caused  by 
interference  between  two  or  more  copies  of  the  transmitted  signal,  arriving  at  the  mobile 
user  at  slightly  different  times  after  bouncing  off  various  obstacles  and  get  time  delayed 
or  Doppler  shifted. 
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Our  model  as  we’ve  already  mentioned  deals  with  high  data  rates.  So  the  channel 
impulse  response  changes  at  slower  rates  than  the  transmitted  signal.  In  this  case  as  seen 
in  [5],  the  channel  may  be  assumed  to  be  static  over  one  or  several  reciprocal  bandwidth 
intervals.  Therefore  as  proved  in  [1],  the  signal  undergoes  slow  fading. 

On  the  other  hand,  the  mobile  radio  channel  has  a  constant  gain  and  a  linear  phase 
response  over  the  bandwidth  of  the  transmitted  signal.  So  as  defined  in  [5],  the  received 
signal  undergoes  flat  fading.  The  most  common  amplitude  distribution  for  a  flat  fading 
channel  is  the  Rayleigh  distribution.  Respectively  we  will  assume  as  in  [1],  that  the 
amplitudes  are  distributed  as  a  Rayleigh  random  variable  R 

Summarizing,  we  are  going  to  use  the  Rayleigh  slow  flat  fading  channel  model  to 
represent  the  small  scale  fading  due  to  multipath. 

C.  BUILDING  THE  RECEIVED  SIGNAL  IN  THE  RAYLEIGH- 
LOGNORMAL  CHANNEL 

In  this  section  we  are  going  to  combine  the  phenomena  analyzed  separately  in  the 
previous  part  and  form  a  slow- flat- Rayleigh  fading  channel,  with  lognormal  shadowing, 
and  path  loss  defined  by  the  Hata  model,  setting  up  the  signal  received  by  the  mobile 
user. 

1.  The  Forward  Signal  So(t ) 

As  already  discussed,  the  transmitted  signal  §,(/)  is  affected  by  small  scale  fading 
modeled  by  the  Rayleigh  random  variable  R ,  and  large-scale  path  loss  with  shadowing 
modeled  by  the  lognormal  random  variable  X  and  the  median  path  loss  LH  given  by  the 
Hata  model. 

Moreover,  we  have  to  introduce  to  the  transmitted  signal  a  phase  discrepancy  0^  , 
and  a  time  delay  xd .  All  these  are  applied  to  the  transmitted  signal  s0(t )  of  (2.2)  and  we 
obtain  the  forward  signal  as  follows: 

k-\  1 2  p 

*o(0  =  E  R\\~rvbk  ^  ~Xd)wk  (t-Xd  )COS  (271  )  +Qd  ) 

k=0  ) 

K- 1 

=  E  RJ^bk{t-xd)wk{t-xd)cos(2nfc{t-xd)+$d]  (2.10) 

k= 0 
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We  can  assume  that  zd  =  Qd  =  0,  since  these  delays  are  relative  amongst 
the  base  stations,  so  the  forward  signal  can  be  modified  as 

K-l 

s0{t)  =  £  R^Pkbk  (f )  wk  (0  cos  (271  fct )  (2. 1 1) 

k=0 

2.  The  Co -Channel  Interference  ?{t ) 

The  signals  from  the  adjacent  base  stations  dedicated  to  the  users  in  the  other  six 
cells  of  the  cluster,  are  also  received  by  the  mobile  user  #1  of  the  center  cell.  The  sum  of 
these  signals  forms  the  co-channel  interference  and  can  be  expressed  as: 

C  it)  =  £  £  1 , ) w,,  0 *  + ' * , )  ■ c,  ( ■ t  +  ' M  t)  cos  (  2ti  ft  +  cp, )  (2. 1 2) 

i=l  j= 0 

where 

i  =  the  adjacent  cells  i=l, 2... 6, 

ij  =  mobile  user  or  channel  j  in  adjacent  cell  i, 

Ki  =  the  number  of  active  channels  in  adjacent  cell  i, 

Ri  =  Rayleigh  fading  random  variable  for  signals  from  adjacent  cell  i, 

P/pLognormal  Random  Variable  representing  the  average  power  received  from 
the  j'-th  channel  in  adjacent  cell  i  as  defined  in  (2.9), 

bij(t)=  the  information  signal  for  the  j-th  user  channel  in  adjacent  cell  i, 

w,y(f)= Walsh  function  for  the  j-th  user  channel  in  adjacent  cell  i, 

Cj(t)=  PN  spreading  signal  for  the  adjacent  cell  /, 

fc=  the  carrier  frequency  of  the  signal, 

t  f=  the  time  delay  from  adjacent  cell  i,  relative  to  the  time  delay  from  the  center 
cell  base  station, 

f  i  =  the  phase  delay  from  adjacent  cell  i,  relative  to  the  phase  delay  from  the 
center  cell  base  station  . 
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3.  The  Received  Signal  r(t ) 

The  received  signal  r(t) is  comprised  of  all  the  above  mentioned  signals,  plus  the 
Additive  White  Gaussian  Noise(AWGN)  n(t)~N(0,No/2). 

Consequently, 

K-\ 

r(t )  =  s0(t)+  C(0+  n(t)  =  YJRyf2^bk(t)wk(i}cos(2jifct)  + 
e  "°  (2.13) 

+  L  L  +U  )  Wij  +X,  h(t- +X,M0cOs(27t  fct  +Cp,  ) 

i=l  ;=o 

D.  SUMMARY 

In  this  chapter  we  built  a  DS-CDMA  forward  Channel  model.  We  set  up  the 
transmitted  signals  and  then  we  propagate  them  in  the  mobile  radio  channel.  We 
described  the  phenomena  taking  place  during  the  propagation,  and  we  modeled  the 
channel  based  on  its  distribution  as  a  Rayleigh- Lognormal  channel. 

Finally  we  formed  the  total  signal  received  by  the  examined  mobile  user  of  the 
center  cell. 

In  the  next  session  we  are  going  to  make  an  as  realistic  as  possible  performance 
analysis  of  the  received  signal,  finding  the  SNIR  and  the  BER,  and  then  we  are  going  to 
compare  the  results  for  various  parameters  with  previous  work  done. 
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HI.  DS  -CDMA  PERFORMANCE  ANALYSIS 


In  Chapter  II  we  presented  analytically  all  the  parameters  participating  in  our 
scenario.  We  built  a  channel  model,  and  we  introduced  all  the  appropriate  signals  that 
constitute  the  received  signal.  In  this  chapter  we  are  going  to  use  this  signal  to  analyze 
the  performance  of  the  receiver,  adjusting  appropriately  various  parameters,  in  order  to 
achieve  the  best  performance. 


Staring  up  the  analysis  we  have  to  set  the  mobile  user  at  a  place  in  the  center  cell. 
We  will  assume  that  the  user  is  at  any  of  the  comers  of  the  cell,  which  is  the  worst  case, 
since  its  distance  from  the  base  station  is  maximum.  A  graphic  representation  of  this 
scenario  is  shown  at  Figure  3.1.  We  call  the  distance  of  the  user  from  the  base  station  d , 
and  its  distance  from  the  adjacent  cells’  base  stations  D,.  Distance  D,  has  been 
geometrically  in  [1]  as: 


D 


d, 

2d, 


i  =4,5 
i  =  3,6 


yjid  i  =  1,2 


Figure  3.1.  Distance  of  Mobile  User  from  Base  Stations. 


We  are  going  to  apply  these  distances  at  the  Hata  model  of  (2.4),  in  order  to 

calculate  the  median  path  losses  of  the  transmitted  signals. 
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A  typical  block  diagram  of  the  receiver  of  the  mobile  user  is  shown  in  Figure  3.2. 
The  received  signal  r(t)  splits  at  the  receiver  into  two  branches.  The  upper  branch  is  the 
information  branch  where  the  data  for  the  user  are  dispread.  The  lower  branch  is  the  pilot 
tone  recovery  branch,  where  a  pilot  signal  is  acquired  in  order  to  achieve  the 
demodulation  of  the  received  information  signal  Finally  the  demodulated  signal  is 
integrated  over  the  bit  period  and  forms  the  decision  statistic  Y. 

Next  we  will  develop  the  demodulated  signal  y2  (t) ,  the  decision  statistic  Y,  and 
eventually  the  SNIR  in  order  to  find  the  probability  of  bit  error  of  the  system. 


Figure  3.2.  Block  Diagram  of  the  Mobile  Receiver. 

A.  THE  DEMODULATED  SIGNAL  y2(t) 

The  signal  received  from  mobile  user  has  been  defined  in  (2.13)  as: 
r(t)  =  s0(t)+  C,(t)+n(t) 

K- 1 

=  L R^Abk OK ( t)c( t)  cos(2ti  fct)  + 

k= 0 _ 

s0(t) 
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(3.1) 


6  *i-l  _ 

+E  E  R‘ -r^jbJ +  X/H (t  +x< >ci (r  +x ,)cos(2^  fct  +  cp,. ) 

1=1  J=0 _ / 

_ ?(0~ 

+n(?) . 

The  dispread  modulated  signal  y,  (t)  at  the  upper  branch  in  Figure  3.2,  can  be 
expressed  as: 

y1(t)  =  r(t)c(t)M{(t)=(s0(t)+C,  (0  +  n(t))c{  t)  vy(f) 

=  ft  (Qc(  0  VM  (0  +  C  (Qc(  t)  >y  (0  +  «( 0  <  *K  0  •  (3-2) 

/i(i)+Yi(0  ?i(0  %(0 

Next  we  are  going  to  analyze  these  terms  contained  in  y,  (t) . 

The  first  sum  ^(O+Y^O  simplified  is  equal  to: 


A(0+Yi(0  =  s{)(t)c(i)w{t)  =  Ryj2Plb1(t)w1(t  )c(t)cos(2nfct)wi(t)c(t)  (3.3) 


+ 


A  — I 

E  R^bk  (t  )wk(t  )c(t)c  os(2k  fct ) 


&=0 


;c(t)  w/(f) 


v  y 

The  desired  information  signal  is  in  /,  (Y) : 


A (0  =R-j2Plb i(r )wj 0  )c(  /)  cos(27t  fct)w^  )c  (t ) 
=  R^2PlblQcos(2Tlfct) , 


while  the  intracell  interference  in  the  information  channel  is  contained  in  y,  (t) : 

(  \ 


Yi  (0 


£-1 

E  Ry]2Pkbk  (t)wk  (t)c(t)cos(2K  fct) 


c(t )  Vtf(f) 


£=0 

£*1 


/r-i 

=  E  ( 1 )  wi  (?  1  wi  ( A  c  o  s  ( 271  fct ) 


£=0 

£*1 


(3.4) 


(3.5) 


The  term  £,(f)  contains  the  intercell  interference  and  is: 
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Ci«): 


(  6  K,- 1 


E  E  /?,. ^2 ~P^bj  (t  +xl)wj (t  +  xi )ct(t +i. )cos(2tt  fct  +cpt ) 


V 

6  ATf-l 

E  E  R:^2Rh,  (r+x, )ws (t  +x,)vv’,  (f )q (f  +x, )c(f )cos(2jc  fct  +<p, ) .  (3.6) 

i=l  7=0 


i=l  7=0 


c(t)  Vl/(0 


Finally,  the  term  f|j(t)  contains  the  thermal  noise  in  the  channel: 


ill (0=w(*M  $>¥($•  (3-7) 

Summarizing,  we  saw  that  the  upper  branch  contains  the  despread  modulated 
information  signal  /,  (t) ,  intracell  interference  y,  (r) ,  intercell  interference  C ,  (f)  and 

noise  tyO).  So  summing  all  that  we  have: 

Yi(0  =  7,(0  +7,(0  +Ci  (0  +rh(0  (3-8) 

The  lower  branch  in  Figure  3.2  is  the  pilot  recovery  branch.  The  pilot  signal  p(t) 
in  this  branch  can  be  expressed  as: 

P(t)  =  r(t)c(  )  \q(t)  (3.9) 

The  Walsh  sequence  wo  (0  is  equal  to  1  for  all  t,  so  (3.9)  can  be  written  as: 
p(t)  =  r(t)c(t)  =(sa(t)  +  C,  (!)  +  n(t))c(t ) 

=  so(t)c(t)+  £(t)c(t)+  n(t)c(t)  =  /0(0  +Yo(0+Co(0+Tlo(0  (3-10) 

7o(i)+YolO  CoO)  il  o  0 1 


Next  we  are  going  to  analyze  these  terms  contained  in  p(t).  The  sum 
70(0+Yo(0  simplified  is  equal  to: 


(K- 1 


70(0+Yo(0  = 


52  R\l^Rkbk  (Ovty  (t)c(  t)  COS(2 71  /c0 


&=0 


c(0 


/'x-l 


=  ( R^2^b0(t)c(t)cos(2Ti  fct) ) c(f )  +  52  R^pAbk (t  ]wk(t  )c<f)cos(2jt  f  t) 

- — — — . .  -  - — '  *= 1 


c(0,  (3.11) 


/0(O 


Y0(O 
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where  we  expanded  the  sum  for  k  =  0 ,  and  k  ^  0 . 


The  desired  pilot  tone  is  contained  in  70  (t) : 

Io(t)  =  (Rj2AA(t  M0cos(2ji  fct))c(t) 

=  Ryl2P0cos(2nfct),  (3.12) 

since  c2(t )  =  1  and  7>0  (r)  =  1 . 


The  intracell  interference  in  the  pilot  channel  is  contained  in  y0(f)  : 


(K- 1 


Yo(0  = 


E^V2^* (t  Ak(t  )c(t)  cos(27t  ,/T) 

fc=l 


c(t) 


A  -1  f _ 

£  RfiPkbk  ( t)  wk  (t)  c  o  s  ( 271  /c  t) 


(3.13) 


£=1 


The  term  ^0(t)  contains  the  intercell  interference  in  the  pilot  channel  and  is: 


Co(') 


f  6  K.-1 


£  E  ^ ypAhij (t  +x;  H +x, )c, +x; )cos(2^  fct  +  cp,.) 


i=l  j=0 


c(0 


6  X,-l 

= E  E  R'  {t +xi  K + +x;  w cos(27u  /cr + 9, ) 

i- 1  7=0 


(3.14) 


Finally,  the  term  T|0  (/ )  contains  the  thermal  noise  in  the  pilot  channel: 

r|0  (t)  =  n(t)c(t)  (3.15) 

Summarizing,  we  saw  that  the  lower  branch  contains  the  pilot  recovery  signal 
I0(t) ,  intracell  interference  y0  (/) ,  intercell  interference  £0(?)  and  noise  T|0(t).  So 
summing  all  these  up  we  form  the  pilot  signal  pit) : 


pit)  -  h (t)  +Y0 (0  +Co (0  +rlo(0  >  (3.16) 

where  the  terms  are  defined  in  (3.11)  to  (3.15). 

Applying  the  pilot  signal  pit)  to  the  information  signal  y,  it)  we  obtain  the 

demodulation  of  the  received  signal.  The  product  of  them  yields  y2it)  as  follows: 
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y2(f)~  +y,+Ci+rii)Uo+Y  o+Co+rio) 

=  Vo  +/.Yo  +AC0  +/irlo  +Y/o  +Y1Y0  +Y1C0  +YlTlo  + 

C 1/0  ^iYo  C 1C0  +  ^  iHo"*"  Vo  +TliY  0  +rliCo  +rlirlo  (3.17) 

Looking  at  the  signal  y2 (t)  we  see  that  it  consists  of  sixteen  terms.  Analyzing 
these  terms  individually  we  see  that  the  desired  information  bit  bx{t)  is  contained  in  the 
term  IXI0  defined  by: 


IJo  =  (R^2PAO^s{2k  fct )) (rJ. 2^cos(2ti  fct)) 
=  2R^b^cos\2nfct) 

=  R2y[^Plbim+cos(4nfct)). 


Intracell  interference  is  contained  in  the  /, y0  term  defined  as: 

(k- 1  _  \ 


AYo  =  (RfiPAi*)  cos(2n/f0)  Y^R^2^bk(t)wkQcos(2Ti  fct) 

U-=i 

K-]  J _ 

=  X  27?2  1  (0  4  (0  ©  c  o  s2  (  2tc  /et) 

k=l 
/sT— 1 

=  X  R2\[^bi  (0  4  (0  Mi  (0(1  +cos(4^  /c0) 


&=1 


Intercell  interference  is  contained  in  the  7,^0  term  defined  as: 


(3.18) 


(3.19) 


I&0  =  (Rj2PMDcos(2nfct))x 

f  6  AT,-1  _  \ 

L  L  Ri^ijbj  ^  +T 1 H  0  +X 1 X  (t+Xl )  V)  cos(27t  fct  +cp, ) 

v  1=1  7=0  y 

6  x1=i  _  ^ 

=  EL  ^  2-JRt  Pj  b\  (0  bij  (t  +xMj  (t  +x,)cf  (t  +  Xj  )c(0-(cos(4tc  fct  +  cp. )  +  cos(<p,.)) 

i=  1  ;=o  2 

6  x,  =1  _ 

=EI  RR^m  bXl  +xMj(t  +xl)ci(t  +  x1)c(0(cos(47t/er  +cp;)  +  cos(cp,.))  (3.20) 

>=i  ;=o 


Noise  is  also  contained  in  the  /jT|0  term: 
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/Irl  0  =  ( R‘J2A bt(j)  cos(2n  fct)  Y>it)c(t)) 
=  )i(t)c(t)cos(2K  fct) 


(3-21) 


Intracell  interference  is  contained  in  the  y  1/0  term  and  is  defined  as: 


K- 1 

yJo=  Y  R^2Pkbk  (t)wk(t)w](pcos(2n  fct)  \R^2P^)  cos(2nf ct)j 


A  -I  . 

=  L  2^,  (/  )w* (t  )w,  (0 c o  s2(27t  fct) 


Y R2yl^Abk  (t)wk (t  )wl(t ) (1  +  cos(4ti //)) 


(3.22) 


Intracell  interference  is  also  contained  in  the  yj,,  term: 


A  —  1  .  A  -1  . 

YiYo  =  H  Ry/lKh  (t )  Wk  (I )  Wi ()) c o s (  2rt  f  t )  Y  R42Pibk (f )  wk  (0  c  o  s  (271  f  t) 


=  YYr2  2J^,bk  (t)bq(t)wk  (t  M(0  %  ©  CO  S2(27t  /c0 


&=0  <7=1 
£*1 


YYr2  'JR^Mt)h  $ )  W1 (0  %  (0(1  +  cos(4ti  /cf)) 


&=0  <7=1 
&*1 


=  YYr2 \[^bk(t)bJ)wk@l(t)wq(t)  (l+cos(4TC/c0) 


£=0  <?-l 
£*1 


=  YR2\lpkpk®A (00®i(0 +£  L  /?2Jw,t(0^(Owtei(0w,(0  (1  +cos(4jt/;.o) 


&=0  <7=1 


. _  —  i 

^  \IP<)Po®]bo (0^001  (0  +  y>  \JPkPkmbk (O^t® i (0  + 
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K- 1  K- 1 


+£,  L  R2JPkPA  (Obq(f  ) Wtei ( 0 W9  (7) 


£=0  g=l 


(1  +  cos(4tc/c0) 


a:-i 


a2  +£  ‘^.a  «)*»,  w + 


k=2 


k-  i  a:-i 


L  Rl-ipkpq  h  ( f)bq(t)wkm  (t)wq  (t) 


k=0  q=  1 


(1  +  cos(47t/c7)) , 


(3.23) 


where  wtaa(7)  is  a  Walsh  function,  defined  in  [1]  as  the  product  of  144(7)  and  w,  (7). 

A  product  of  intracell  and  intercell  interference  is  also  contained  in  y  £  0  term: 


YiCo  = 


K- 1 


Y,Ry[^Abk(t)wk(t)wlQcos(2nfct) 


k=0 

k*l 


X 


v—  y 

Y  6  K,-\  _  A 

L  L  Ri^Pijbj  (f  +  X1  K  (t  ,)q  (t  +  x,.  M  7)  cos(27t  ft  +  q>. ) 

i=l  7=0 


6  AT,— 1AT-1 


^  ^  P P : pk Pij b„ (7  X  }b :  (7 )  W-J (7  "FX )  1 1 7  (7  )ha(7 )  q  (7  “t“X  ^  )c([ ) 

i=  1  ;=0  A  =0 
**1 

(cos(47t/ct+cp/)  +  coscp/ ) 


X 


(3.24) 


Intracell  interference  we  also  have  at  y  ,r(0  term: 


Yi'Ho  = 


A~1 

£  Ry[2Pkbk  (t)wk (7  )w1(^cos(27t  fct) 


k= 0 
k^l 


n(t)c(t) 


A  -I  _ _ 

Y,R^Pkbk(t)wki  >’ ,(  in  (t)c(t)cos(2nfct) 


k=0 
k*  1 


(3.25) 


C/, 


Intercell  interference  is  also  contained  in  the  £,/(l  term  and  is  defined  as: 

Y  6  ATj— i  A 


0 


EE*,V  2pijbij  0  +x; )w..  (/  +  x.Owj  (7)c,  (^  +  x  ,)c(  t)cos(2K  fct  +  <p . )  (/? ^2^ cost 271  /c7) ) 


V 

6  -1 

X  £  RR^^P^jkj  (7  +X,.  )ws  (7  +  X,. )wt(7)q  (7  +  X  ,)c(  7)  COS(27t  /f7)cos(27t  /c7  +(p,) 

«=l  7=0 


i=l  7=0 
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6  K,- 1 


II  ^  ■slPJJllb,l  (t+^i  )%  (t  +x;  M  (0  q  ( t  +x )c(0[cos(4ti  fct  +cp,.)  +  cos(<pf)]  (3.26) 


1=  1  7=0 


A  product  of  intercell  and  intracell  interference  is  present  in  term,  defined  as: 


CiYo 


(  6  K,-\ 


i=l  7=0 

6  Ki-IK-1 

EEE 

i  =1  j  =0  &=1 


EE  R,y]^hn  (*  +xi)wj  (t  +  xi  H(0  q  (t  +  X  ,.)c<r)cos(2jt  fct  +  (p. ) 

^  A'-l 

(t )  Wk  (t)  cos  (2n  fct) 

k= 1 

V 

=EEE  2^P~Fkbk  (t)by  (t+xi  )wij  (t  +%i  )wk (t  )wl(t)cl (t  +  Xj )c(t) : 

cos(2 ;t  fct)cos(lK  fct  +cp,. ) 

=EES>Ww  (?)A(?  +  T()wi7(r  +x .)  w,ei(0q(t  +x1)c(t)(cos(47t//  +  cpi.)  +  cos(cpi))  (3.27) 


IX 


6  k,  -i  a:-i 


i=l  ;=0  *=1 


A  product  of  intracell  and  intracell  from  the  pilot  recovery  branch,  interference  is 
contained  in  the  £  £  ()  term: 


(  6  'I 

£  £  ^  +x; H (f  +x /M (Oq (t  +x  ,)c(r)cos(27t  fct  +<p .) 

1=1  7=0 


«»  = 

^  6  K,- 1 

£  £  Ri^2^bij (T  +  zMj (t  +*i  y,  (t  +x,.)c(0cos(2ji  fj  +cp,) 

^  1=1  7=0 

= £  £  £  £  R'Rp14p'ipp‘ib‘iit+x‘)hp<<{t  +xpH^  +xiK?o+xp)x 

<=1  7=0p=l  <7=0 


X 


q  (t  +x,.  )cp  (r  +x ;;  )c“  (^  c  os  (2ji  /;/  +  cp,  )cos(27t  fct  +(pp  ) 

=EE  +o»’„(‘+\) 

i=l  j  =0  p  =1  q  =0 

0  (<  +1,  )cr(t  +T )  i[cos(47t  /,<+ (p,  +  cp,  1+cnsMp,  -  cp, )] 

EE  EE  RiRp  ^1  PijPpq  bij  (^  +  X1  ^bpq(t  +  ^,Mj(t  +  \  pq  (?  +  %  )' X 

1=1  i  =0  P -1  «=  o 

c,  (f  +x;  )cp  (f +xp )  [cos(4rc  fct +cp,  +cpP )  +  cos(cp,.  -  cp;7 )] 


X 


(3.28) 


A  product  of  intercell  interference  and  noise  can  also  be  found  in  'Q  lp0  term: 
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(3.29) 


CiHo  =  in(t)c(t))x 

f  6  K,- 1  _  A 

Y,'£,Ri^j2^bv(f  +  xi)wv(t+xi)w1(f)ci(t  +Ti)c(i)  cos(27t fct  +  cp; ) 

^ 1=1  ■7=0  j 

6  K,  -1 

=  Y,  L  RJ^bo  b  +x ^w<M  +x/ )wl  (0 oO  +xi  MO cos(271  fct  +  cp.) 

1=1  7=0 


Noise  in  the  demodulated  signal  is  also  expressed  by  the  r\J0  term  as: 

Vo  =  «  04  0  vt{(0)(  V/^i"cos(27t  fct )) 

=  R^lP^ri  t)c(  i)  M{(t)cos(2K  fct)  (3.30) 


The  next  term  contains  noise  and  intracell  interference: 

(K- 1  _  A 


TliYo  =  00)4  t)  \\{(t)) 


Y,Ry[^Xbk(t)wkQcos(2nfct) 

V  J 


£-1 


=  YJR-f^bk(.t)n(t)wk(t)wx(t  )c(0eos(2jt/cf) 

k=l 

K-\  ( _ 

=  X  Ry[^bk(t)n(t)wmi  (t )c(t)cos(2n  fct) , 


(3.31) 


*=i 


where  wm(0  =  (t )  w,  (/)  is  a  Walsh  function  defined  in  [1]. 


Noise  and  intercell  interference  are  also  contained  in  Vo  term: 

Vo  =  (4  V  0  t(0)x 

/  6  x,  -l  A 

El  RiJ^bj  (t  +  T'Hy  4  +X/  )C1  4  +  X,  )4  t)  COS( 271  /;/  +  Cp,. ) 

^  '=1  -,=°  7 

=EE  R,^  ( t  +X,.  M  f)wtf  (7  +x;  )w1  (Oc,.(f  +X  i.)cos(2ji  fct  +cp,. )  (3.32) 

/=  1  7=0 


Finally,  noise  in  the  demodulated  signal  can  be  also  found  in  the  rprptcrm: 


xiiHo  =  (X  t) 4  t)  vt {(t))(n(t)c(t)) 

=  n2  (t)c2  {t)wx{t) 

=  n2(t)wx(t),  (3.33) 

since  c2(t )  =  1. 
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Accordingly,  the  demodulated  signal  y2(t)  from  (3.17)  is  modified  using  (3.18) 
through  (3.33),  and  then  is  sent  into  the  integrator  in  order  to  determine  the  decision 
statistic  Y ,  which  we’ll  perform  in  the  next  Section. 

B.  THE  DECISION  STATISTIC  Y 

In  this  section  we  will  develop  the  decision  statistic  Y ,  which  would  help  us  find 
the  signal  to  noise  plus  interference  ratio  and  eventually  the  performance  of  the  channel. 

In  order  to  calculate  Y  we  will  integrate  the  demodulated  signal  y2  (r)  consisted  of 
the  16  terms  we  calculated  in  the  previous  section  at  time  t=T,  as  shown  in  Figure  3.2. 
Moreover  we  will  condition  our  decision  statistic  Y,  on  the  Rayleigh  fading  random 
variable  R=r  and  on  the  received  power  Pk=Pk  which  represents  the  lognormal  random 
variable.  This  results  in 

Y I  =  f  y2  (t)dt  = 

Jo 

=  r  f  Vo  +  Vo  +  Vo  +  Vo  +Y/o  +Y1Y0  +Y1C0  +YiHo  +  V 

Jo  t+C/o  ViYo  +CiC0  +V0++V0  +n.Yo  +iiiCo  +'n1rio  J  rPt 
=  jVo  +  {Vo  +jVo  +jVo  +  JyVo  +  JVlYo  +]VlCo  +  JYiHo  + 

0  r’pk  0  r>pk  0  r’pk  0  r’pk  0  r’pk  0  rpk  0  r  ’Pk  0  r  ’Pk 

*1  Yu  Cn  "H 11  ^12  ^13  Ci2  ^12 


i  i  i  i  i  i  i  i 

+JCV0  +|Vo  +JCiC0  +|Vo  +JhVo  +Jn,Yo  +  JhVo  +fnint 


+Yll  Vll  Trill  TY 12  +Y  13  V  12  "^1  !2  V  13  V  14  15  13  V  14  V  15  TT|16 


15  13  17 

=^+£C/+£y/+£tii- 

(=ii  (=ii  [=11 


(3.34) 


In  the  next  pages  we  will  develop  each  component  of  the  decision  statistic  Y 
separately: 


1.  Yt  =  £/,/,/*  =fQr2^PoP1  mi+cos(4nfct))dt 
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=  r 2Jp0  pl b  i  (1 +  cos(47t  fct))dt 

=  r2y[PoP^Tb  i.  (3-35) 

where  b/fe  {±  1}  corresponds  with  the  time  function  bk(t),  which  is  constant  over  the 
period  (0 ,T).  Also  we  assume  that  the  carrier  frequency  fc  is  an  integer  multiple  of  the  bit 
rate  of  the  system,  which  means  that  fc=k/T,  so  we  have 

T 

Jcos(4 nfct)dt  =  0. 

0 


2. 


T  K- 1 


Yu  =  j0  =  j £  r2  V A  Pk  h  (t)bk  (t)  wk ( f )( 1  +  cos (471  fct) )dt 

r,Pk  0  k=l 

K- 1  _  T  K-\  _  T 

Z  r  2  ^PiPkhihk  {  wk  m  +  fr2  JPiPkh  pk\wkQcos(4nfct)dt 


k=  1 

0, 


(3.36) 


where  the  first  integral  is  zero  since  a  Walsh  function  integrated  over  the  bit  period  is 
always  equal  to  zero  and  the  second  integral  is  also  zero  since  fc=k/T. 


3.  C„  =[/£„«* 

1  ’Pk 

T  6  K,-\ 

=1EE  rR^A  o  )btj(t  +x(.  )wij  (t  +x.)Cj  (t+ x,.  M0(cos(4ji  fct  +  cp, )  +  cos(cp,. ))  dt 

i=l  7=0 

=^itt  P.-Jp'b^t)^  (1  +%.  )w9  it  +  x;.  )c)(l  +x;  )c(t)  cos(cp,.  )dt  (3.37) 

i=l  j=  0 


4. 


Till 


=  |  r.^2/?,  l](t  )i(t)c(t)cos(2%  frt)dt 


T 

=  r*j2  p  J  A ,  d  )?  (t)c(t)cos(2K  fct)dt 

o 


(3.38) 


5. 


Y 12 


lr,pt 


=  |()r£  r2^p~pk  k(t)  wk  (t)vv’(O(l  +cos(47t  /cf))<ft 

U  jt=0 
k*l 
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K- 1 


A=0 
k*  1 


a:-] 


L  ,'2'Jl)oPi  bi  J0  w*(0  Hi  (0(1+ cos(4tt  /c0)^ 


/r 


k= 0 
Jfc*l 


52 r2JPoPkhk  j wk (t  )wi(f  )dt  +J (!  +  cos(4^ /efM 

;0  l  0  0 

=  0, 


(3.39) 


where  the  integrals  are  zero  due  to  the  orthogonality  of  the  Walsh  functions  and  the  since 
we  assumed  fc=k/T. 


6. 


Y 13  =JrYiYo* 


K-\ 


P,pk 


J_  j }'2 ylPoPo  h  (0  +  E  r2y]PkPk®ib  k( t)bk91  (0 

Tc=2 

(1  +cos(4^:/ct))Jt 


+ 


+52  12  r2y]PkPq  kit )b q(t)wkm(t)wq(t ) 

k= 0  g=l 
A^l  ^r^©l 

=  J0  r2^km+oos(4nfct))dt  + 

+J0  L  r2 4 PkPk®A (t)bkmm  +cos(47l  fct))dt  + 

k=2 

T  K-l  K- 1 

+j0L  L  r2yfPkPq  h(t) bq(t)wkm(t)wq(t)(l+  cos(4k  fct))dt 


k—  0  g=l 
A  9^1  g^A©! 


=  r2\IPoPi  {  b,(f)dt  +  r2\  Y,  V PkPk ®i h  (t)bkm  ( t)dt  + 

A:  =2 

^  AT— 1  AT— 1  j _ 

+H0  L  L  JPkPq  h(0bq(t)wmi(t)wq(t)dt 


k= 0  g=l 
A  9^1  ^9iA©l 


f^PoPiTb^rT 

f  K- 1  V 

V  \/ Pk  Pk@l^k^k@l 

{k=2  J 

+  0 


(3.40) 


=  Y,+Yl4> 

where  we  assumed  again  that  fc=k/T.  As  we  see  we  gain  another  Y\  term,  which  doubles 
the  power  of  the  desired  signal,  however  we  also  get  an  intracell  interference  term  in  the 
form  of  ?i4. 


Y-  C12  jQ  Y&odt  •  /  ttt  rRiyJPkPjbij(t  +X,.  )bk  (t  )  wtj  (t  +T ,.)  wkm  ( t ) 


6  X,  -l  isT— 1 


X 


/-.Pi  ,=1  j=0  k=0 
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;(1+x,)c(0(cos(4tu/c1  +cpi)  +  coscp,  )dt  = 


6  K,-\  K—\ 


=  r  J0 E E +x;  A  (f ) W,J (t +x*)  w*« (Oq  (*  +T. )c( l)  coscp,.*  (3.41) 


i=l  y  =0  £=0 
k*l 


C13  —  JQ  ^Jodt 


T  6  K,- 1 

=  J.EE*- 

i=l  7=0 


1  1  “i  7  Kkl  v  7S'V‘  1  ^ 


r  6  A,— 1 

-MEE  Ri-sf^bij (t  +x,-)w&. (t  +x M (t)Cf  a  +X; M0cos(<pf  )dt . 

1=1  7=0 

9-  X|i2  =  |  Yflo*  =  Jo  Ysr'fip~kbk  ,<  /)  a  )c(f)cos(2jt  fct)dt 


1 r,pk  k= 0 

**1 


r  K-l 

=  rJ(l  E  fVtO'  1<  >  (0c(  t)  cos(2ti  f ct)dt 


6  Kj-l  K-l 


io-  Ci4  =  J0  CiYo^=j0  LEE rR<jAPkbk oa a + x,k-o +x,)  w*®i(f)X 


1=1  j  =0  &=1 


(=1  y  =0  p  =  l  <7=0 


c,.0+x,.)c „(?+x  )cos(cpf  -<p.)A  • 


1=1  7=0 


13.  r)i4  =  J(  rij/o^r  =|  r^2p()n(t)c(  i)  \y(t)cos(2jifct)dt 


(3.42) 


(3.43) 


C,.  (1  +x,.  )c(0(cos(47C  /c?  +  cp,.)  +  coscp,. )  dt 

T  6  A',  -1  sr-i  _ 

='l  EEE  ^V^Z7*-(0^(f+T,)^0+x,)vvMia)qa+x,-M()  coscp,*  (3.44) 

1=1  y=0  A:  =1 

c,J=rc,Co<* 

r,pk 

rp  6  1  6  Kp— 1 

-J.EEEE  RiRpylPijPpqbij  (t  +X  ,-)fcM  O' +X )wij  (t  +X  i)wpq  (t +X  „  )  X 

1=1  y=0  p  =  l  <7=0 

c,  (t  +x,. )c/, (t +xp )  [cos(47t  fct +<p.  +cpp)  +  cos(cp,  - cp p )] 

j,  6  -1  6  A!/?— 1 

= Jo  E  E  EE^fe('+T*)fcw(f+x>^(+T>«((+T^x 


(3.45) 


12-  r|13  r  C  jTloC/f 

r’pk 

J  6  K,- 1 

=  J  E  E  ^ (l  +x > ) H'/ (/  +x0  W1  (* ) a 0  +  X,  M  0  cos(27i  fct  +  cp,  )dt  (3.46) 
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(3.47) 


r^2  p0 1  n{  t)  c(  t)  Q  c  o  s  (  2k  fct)dt 


14. 


15. 


Tlis  =  J0  TliYo*  =  '■{„  Y  0  )n(l)wk(t)  H’,  (t  )c(  t)  cos(2jt  f  t)dt 

r,Pk  U  k-l 

T  K- 1 

=  r Jq  Y  yfZPkh (f  W t)wkm (t)c(t) cos(27l  fct)dt 

k= 1 

^16  =  f.  Tll^O^ 

r,pk 

6  X, -1 

=1  El  ^  (^X  0  +x,  )wi(0q(f  +  'c,)cos(27l//  +  cp,.)*  . 


1=1  7  =0 


16.  r|17  =  f  r| jTIq =  f  n2(t)wl(t)dt 

J°  r.Pi  J° 


(3.48) 


(3.49) 

(3.50) 


Summarizing  all  of  the  above,  we  see  that  the  demodulated  information  bit  is 
expressed  by  two  Y\  terms,  acquired  by  the  integration  of  I\h)  and  ?\  ?q  terms  respectively. 
Intracell  interference  ?  is  expressed  by  y14term  only,  derived  from  the  integration  of  ?\  ?o 
term,  since  yn  and  y12  are  zero,  while  intercell  interference  can  be  expressed  by  £  ,  where 

C=EC-  (3-51) 

(=11 

Finally,  the  additive  noise  contribution  to  the  decision  statistic  can  be  combined  in 
q  term,  where 

11  =  E1!-  ■  P,52) 

1=11 

We  can  also  combine  the  noise,  intracell  and  intercell  interference  in  our  decision 
statistic  into  a  single  term  E, .  Summing  all  these  up,  our  conditioned  decision  statistic  Y 
from  (3.34)  becomes: 


Y\ 

|r. Pk 


=  Yx+  Yx+  y+  C,  +q 

=  2  K.+4, 


where  E,  =y  +E,  +q  . 


(3.53) 
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As  defined,  y  is  not  very  practical  for  the  developing  of  the  performance 

analysis  of  our  system.  In  order  to  simplify  the  analysis  we  can  use  a  technique  called  the 
Gaussian  approximation.  Accordingly,  we  assume  that  all  the  terms  of  the  above 
equations  are  independent  and  we  are  going  to  model  Y I  as  Gaussian  random  variable 

'  r'Pk 

y.  with  mean 


E{y]  =  Y  =  2Y1  =  2r2V^Tb1 ,  (3.54) 

where  Yt  has  been  defined  in  (3.35),  and  variance  the  sum  of  the  interfering  terms 
variances  defined  by 

Var{y}  =  Var{y }  +  Var{C,  }  +  Var{ r|}  =  Var{^}  =  o^'  (3.55) 

Summarizing,  we  modeled  our  decision  statistic  f  as  a  Gaussian  random 
variable  y  ~  N(Y,o* ) .  In  the  next  section  we  are  going  to  develop  the  SNIR  and 
probability  error  of  our  system. 

C.  SIGNAL  TO  NOISE  PLUS  INTERFERENCE  RATIO 

In  this  section  we  will  develop  a  conditional  SNIR  for  our  DS-CDMA  forward 
signal  in  the  Rayleigh- lognormal  fading  channel.  We  will  not  remove  the  conditioning  on 
the  random  variables  R=r  and  Pk=Pk,  until  we  develop  the  probability  of  error.  The  SNIR 
after  [6]  is  defined  as  the  ratio  of  the  average  power  of  the  message  signal  to  the  average 
power  of  the  noise,  both  measured  at  the  receiver  output.  Therefore,  the  SNIR  can  be 
defined  as 

SNIR ^  ~~2  ’  (3-56) 

where  Y  is  defined  by  (3.54),  and  OjTis  determined  in  (3.55)  and  is  going  to  be 
thoroughly  defined  in  the  next  pages. 

The  total  intercell  interference  ?  is  defined  in  (3.51)  as  the  sum  of  all  the  intercell 
interfering  terms  ??.  Since  the  co- channel  interference  contributions  A  are  modeled  as  zero 
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mean  random  variables,  we  define  the  total  co-channel  interference  variance  as  the  sum 
of  the  variances  of  the  contributing  terms: 

Var&}  =  ftVar&i}  (3.57) 

i=ll 

We  define  the  variances  of  the  interfering  terms  ??as  follows: 


Var{U  =  c\„  =^r2p'r£  £ 

i=l  7=0 

Var{t,a)=o\a=±r*r"E  I  £  =]£[/>,]. 

i= 1  7=0  £=1 

VarK,J)=0ICi>=-t-r!ArX  £  s[A]e[7>] 

i=i  7=0 

Var{C,4)=a\i,=-i-rVir2E  £  £  A-Epf,2]^] , 

/=!  7=0  &=1 


Var{^15  }  =  a  2c 


£ 


7=0 


£  £[«*]£[/;,]£[/>,]+ 


(3.58) 

(3.59) 

(3.60) 

(3.61) 


i  6  K-\  6  Kp~ 1  ^ 

+  l£  £  £  £  £ 

^  i=l  7=0  p  =0  q= 0 

where  the  complete  derivation  of  these  terms  can  be  found  in  Appendix  III-A.l. 

The  intracell  interference  contribution  y  is  represented  with  y14  term.  We  define 
its  variance  by 


(3.62) 


Var{ y}=oT2  =oYl42  =rAT1YJPkPk®i  >  (3-63) 

k—2 

where  the  complete  derivation  of  this  term  can  be  found  in  Appendix  TIT- A  .2. 

Similarly,  the  total  additive  noise  i"|  is  defined  in  (3.52)  as  the  sum  of  all  the  noise 
terms  ry .  Since  the  noise  contributions  ry  are  modeled  as  zero  mean  random  variables, 
we  define  the  total  additive  noise  variance  as  the  sum  of  the  variances  of  the  contributing 
terms: 
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(3.64) 


17 

Var{r\ }  =  's£JVar{x\, } 
1=11 


We  define  the  variances  of  the  contributing  terms  T|.  as  follows: 


yar{Tln}  =  o\1  =  ^r2AA07\ 
Var{n12 }  =  o  2r,12  =  -  r2Aor£  pk , 

^  7fc=l 

&*1 

Varfn1J)=a!,ii=i^11r£  £ 


1 


Var{ti14}  =  crv  =  -rPlJVJ'  , 
Var{r|i5}=o2n,5  =l-r2N0r^  pt, 

^  k=l 


Var^6)=o\=±N^  £  £[^]£[^] 


6  AT/-1 


Var{r|17}  =  o: 


33V, 


?=1  7=0 
2 


(3.65) 

(3.66) 

(3.67) 

(3.68) 

(3.69) 

(3.70) 

(3.71) 


where  the  complete  derivation  of  these  terms  can  be  found  in  Appendix  III-A.3. 

Using  (3.57)  through  (3.71)  we  can  update  the  variance  of  the  decision  statistic  Y 
defined  by  (3.55)  as  follows: 


=G;-2  +Oy2  +0 

=  £oi  +o2ri4  +  Y, 

i=ii  i=n 


2 

T| 

a 


2 

Tli 


1  6  X;-l 

£  £I 

\E[P,] 

l  in 

+^r2rT  I  E  ft£[«,2]£[4]+ 

i= 1  7=0  fc=0 

fc*l 

Cl2 
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+J^r2pp'i  £  £M£M+ 


+^Jr2T2t  £  I  P*e[V]e[p,]+ 

Jtv  1=1  j  =0  k=l 


1  , 
+  —  T 

N 


6  K,-l  K,-l 


X  £  £  £[*/>[>>  m^Ke  '£  £  e  e[r; 

^  i'=0  7=0  g=0  ^  ' 


i=0  7=0  p—0  q—0 

p*i 


Cl5 


£-1 


+  r4r2£  PkPk®\  + 


k=2 


+ 
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\r2p,N0T+XN„X  p,+ 

.  >  ^  k= 0 

k*l 
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T|l2 


+  ^N<?t  E  £[>1£M 


1=1  y=0 
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+^Vc/v/ 


’ll! 
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/=!  7=0 
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n  17 

Accordingly  we  modify  the  conditional  SNIR  from  (3.56)  as 


SNIR\  =  ^ 

■  r,Pk 


Pt  a;  (V  +  V+V 


(3.72) 


]E[RP2]E[Pij]E[Ppq] 
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(2  r2yfpj^T) 


222222222222 

o,  +ac  ‘  +o,  +ac  +ac  “  +av  “  +a  “  +a„  ‘  +a_  “  +a_  ‘  +on  +a_  +on 

Sll  S12  S  13  S  14  S  15  Til  M  11  1112  R  13  R 14  rll5  T|l  6  T|17 


4  r4p  xp0T7 


(3.73) 


2  . 


where  o,"  is  defined  in  (3.72). 


Summarizing  we  developed  the  SNIR  for  the  uncoded  DS-CDMA  signal 
operating  in  a  Rayleigh-Lognormal  channel.  A  comparison  can  be  made  with  the  SNIR 

obtained  in  [1],  where  the  pilot  channel  interference  was  assumed  to  be  zero  and  thus 

2  2 

only  andoil  4  variances  where  considered.  As  we  see  in  (3.73),  another  Y\  term 

was  gained,  however  had  to  take  into  account  considered  all  the  interfering  terms  since 
any  filtering  had  not  been  applied.  The  performance  of  the  system  under  normal 
operating  conditions  even  with  the  ideal  filtering  was  proved  in  [1]  to  be  quite  poor 
(Pe=  1/2),  without  using  any  coding. 

Accordingly,  in  the  next  section,  in  order  to  improve  the  performance  of  the 
system  we  will  we  will  add  forward  error  correction  (FEC),  keeping  up  with  the  analysis 
done  in  [1], 

D.  FORWARD  ERROR  CORRECTION 

As  seen  in  Section  C,  in  order  to  have  a  meaningful  analysis,  Forward  Error 
Correction  (FEC)  was  required.  For  comparison  reasons  and  compatibility  we  will  add 
the  same  FEC  with  [1]  to  the  system.  Therefore  an  (n,k)  encoder  is  applied,  producing  n 
coded  bits  for  every  k  information  bits,  which  gives  us  a  coded  rate  Rcc=k/n ,  and  a 
reduced  bit  duration  Tcc=T(k/n),  in  order  to  preserve  the  bit  rate  of  the  system. 

On  the  other  hand  a  decoder  is  applied  at  the  output  of  the  demodulator  of  the 
receiver  in  order  to  extract  the  information  signal. 

For  simplicity  purposes  we  will  assume  that  the  information  bit  transmitted  is 
b\(t)=l,  for  all  the  values  of  t,  which  is  the  all  zero  sequence.  Accordingly,  we  will  name 
the  coded  bits  examined  by  the  decoder  yjm,  where  j  is  the  branch  in  the  trellis  of  the 
decoder  and  m=l,2. .  .n  is  the  position  of  the  coded  bit  with  in  the  j-th  branch. 
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To  decode  the  information  we  will  use  a  way  similar  to  that  of  [7],  using  the 
Viterbi  Algorithm  with  soft  decision  decoding. 

Accordingly,  our  demodulator  output  from  (3.53)  will  change  to: 


y* 


■Pkj„ 


—  Y  jm  +  C,  jm  , 


(3.74) 


where 


Y  jm  PojHiP  [  jm  Tcc , 


and 


:  C  im  Y  Y  im  Y  t) 


15  17 

-EC‘  i,jm  +y£  14,7m  +  i,jm 

i= 1 1  i=l  1 


The  decoder  output  y;m,  conditioned  on  R=r  and  Pk=Pk,  can  be  modeled  as  a 
Gaussian  random  variable,  exactly  as  Y\r  p  in  the  uncoded  system.  Similarly,  the  mean 

value  of  yjm  adapted  from  the  uncoded  case,  can  be  defined  as 

E{  yjm }  =  Yc jm  =  2rjm2y]p<l  jmpUjmTcc ,  (3.75) 

while  its  variance  can  be  defined  as 


Var{  yJm}  =  Var{^cjm} 


=  Var{y;n }  +  Var{C  ]m }  +  Var{ T| ]m } 


-  2?V-»  +°  2y'4,jm  +  7  7 

*=11  1=11 

iV=13  i*14 


Using  the  same  procedure  as  in  [7],  [1],  the  Viterbi  algorithm  branch  metrics  in 
each  path  i  for  branch  j  are: 


4',,J=iy,„a-2c,'V),  (3.76) 

m=l 
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where  c(,)>.e{ 0,1}  is  the  logical  transformation  of  the  analog  information  bit 
b‘JJ''e{±l),mdb-.,tn=l-2c%. 

We  sum  the  metrics  over  all  the  branches  B  and  form  the  path  metrics: 

CM{i) 

7=1 

=LL^,a-2<'>,)  om) 

7=1  m= 1 

If  we  set  i= 0  the  correct  path,  then  since  it  is  cvj'  =  0  for  all  jm,  (3.77)  becomes 

CM<°>  (3.78) 

7=1  m=l 

On  the  other  hand  for  any  other  competing  path  7=1,  c®  =1  for  a  number  of  coded 
bits.  At  this  case  (3.77)  can  be  described  as 

CM(I>=££v„(1-2C;:,!)  (3.79) 

;=1  m=l 

We  will  denote  as  d  bits  in  this  competing  path,  the  number  of  the  bits  that 
c%  =  1 .  Accordingly,  in  the  next  section  we  will  find  the  probability  of  error  for  any  path 

through  trellis,  which  is  a  distance  d  from  the  correct  path. 

E.  PROBABILITY  OF  BIT  ERROR 

In  order  to  find  the  probability  of  bit  error,  we  will  use  the  procedure  described  in 
[7],  finding  primarily  the  first  event  error  probability.  This  is  defined  as  the  probability 
that  another  path  that  merges  with  the  all  zero  path  at  node  B  has  a  metric  that  exceeds 
the  metric  of  that  all  zero  path  for  the  first  time.  If  we  suppose  that  the  incorrect  path  that 
merges  with  the  all  zero  path  is  for  example  7=1,  and  differs  from  the  all  zero  path  in  d- 
bits,  then  there  are  d  l’s  in  the  path  7=1  and  the  rest  are  0’s.  Then,  after  [1],  [7]  the 
probability  of  error  in  the  pairwise  comparison  of  the  metrics  CM1'01  and  CM(1)  is 

P2(d)\  =Pr{CM(1)  >CM(0)} 

^  jn  ’  Pk  ,jn 
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=Pr{CM(1)  -CM(0)  >  0} 

=  pr|-2£iV”>ol 

{  7=1  m=  1  J 

=  p4EEv!"so}-  {3.80) 

[  )=1  m= 1  J 

If  we  set  a  new  index  l  that  runs  over  the  set  of  d  bits  in  which  the  two  paths 
differ,  we  have  y'  =  yJm  ,  for  cy  =  1 .  Accordingly  the  first  event  error  probability  can  be 
modified  as 

=Pr{X>3°} 

=Pr{j;<0j.  (3.81) 


where  the  random  variable  y ,  is  the  sum  of  the  independent  Gaussian  random  variables 
y\ .  Thereafter  y  t  is  also  a  Gaussian  random  variable.  Its  first  moment  is  defined  as 

E{y,}^E{y;} 

1=1 

=  X  2n^P<vPuTcc  (3-82) 

1=1 

As  we  defined  in  (2.9),  the  received  power  Pk  from  the  kth  channel  can  be  written 
as 


Pk  = 


1  t.k 


LJd)X 


(3.83) 


Adjusting  this  equation  for  the  coded  case,  we  can  modify  the  fixed  terms  pk,i  as 
follows: 


Pkj  = 


fkP, 

P  h  (d)-r^ 


(3.84) 
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where  Xi-xi  is  our  lognormal  random  variable,  X ,  ~  A(0.  XarfB) .  Moreover  it  has  been 
shown  in  [1]  that  the  transformation  of  X ,  =  1  /  X !  results  in  another  lognormal  random 
variable  X,  ~  A(0,XarfB),  with  an  estimate  of 


E{Xl}  =  E{  1/  A,. }  =  E{Xi}  =  exp <^i.) . 


where  \xx  =  Xpv//;  =0. 


Thus,  we  can  modify  the  estimate  of  y,  from  (3.82)  as  follows: 


E{y,)  =  y,=  j>,2 


1=1 


v 


Lh  {(E) Xf 


fA 


A 


EH  ( cl  ^Xj 


LJd, 


1=1 


Accordingly  the  second  moment  of  yl  is  defined  as 


Var{y,}  =  i,Var{y',}  =^Var{^}  = 
1=1  1=1 

=  t  (Var&  > ) + Variy  i } + varfn ; } ) 

i=i 

-£{£°^+«a*<+£«24 


l=i  U= li 


i=i  l 


i=i 


=  L|itt7 fpuTjt,  £  E{R;}E\P,j}+ 

A”  != i  j= o 


V 


6  AT,-1  ff-1 


+^AT  £  I  ph£{«,2)£{P#) 


3N 

6  Kt- 1 


1=1  7=0  fc=0 

tel 


I 

3iV  i=l  7=0 


6  ^,-1  A'-l 


I  I  2)£{fs ) 

;=1  7'=0  t=l 


(3.85) 


(3.86) 


(3.87) 
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K- 1 

+>14TCC2Y,  PkjPmu 

k=2 


Eventually,  we  can  now  use  the  moments  of  y,  that  we  found  in  (3.86)  and  (3.87) 
to  find  the  first  event  error  probability  from  (3.81),  as  follows, 


pM,.nrVr^-  °) 


37 


where  we  practically  grouped  the  variances  into  two  terms  ax  and  a2 ,  depending  on  if  the 
contain  pilot  tone  or  not,  as  follows: 
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In  order  to  develop  the  first  event  error  probability  in  a  more  practical  form,  we 
will  need  to  expand  the  ax  and  a2  terms.  We  will  use  the  estimate  of  the  lognormal 

random  variable  Xn  and  X.  defined  in  (3.85),  and  we  will  also  normalize  the  expected 
value  of  the  Rayleigh  fading  parameters  to  1,  such  that  E{R2}  =  1 . 

We  will  also  introduce  a  new  variable  Ec ,  which  represents  a  baseline  received 
coded  bit  energy  without  the  effects  of  fading  or  shadowing,  such  that 
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where  £/,  is  the  uncoded  bit  energy. 

Consequently,  the  first  event  error  probability  conditioned  on  r/,  xi  and 
consequently  on  zd,  wd  can  be  modified  from  (3.88)  as  follows: 
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The  details  of  the  conversion  of  a,  and  a2  into  the  above  form  can  be  found  in 


Appendix  III-B. 


For  simplicity  we  can  set  a  - 


A2 

ax  +a2 


.  Therefore  (3.94)  can  now  be  expressed  as 


A  A) L=Q(^) 


(3.97) 


We  can  now  remove  the  conditioning  in  (3.97)  by  integrating  across  the  pdf 


pa(a ) ,  as  follows: 


P2(d)=  |  P2(d) \a  pa (a) da 


=  |  Q(\fa)  pa(a)da  (3.98) 

Summing  the  point  estimates  of  Pi(d)  over  all  the  possible  distances  d  between 
code  words,  we  can  calculate  an  upper  bound  of  the  bit  error  probability  Pe  as  follows 
[7]: 

P,4  E  MW-  (3-99) 

where  fid  is  the  total  number  of  information  bit  errors,  assuming  that  the  correct  word  is 
the  all- zero  code  word,  and  k  denotes  the  number  of  information  bits  per  level. 

As  we  see  in  (3.99)  for  any  particular  convolution  encoder  we  require  a  series  of 
P2(d)  for  d=df,ee,  dfree+\  ,dfree+2,. . .  in  order  to  calculate  the  upper  bound  on  the 
probability  of  bit  error  Pe  .  For  practical  reasons  we  will  use  the  first  five  terms  only,  so 
we  will  have  that  d=dfree ,  dfree+\ . .  .dfree+4.  In  our  analysis  we  will  also  consider 
convolutional  encoder  with  a  code  rate  Rcc  =1/2  and  constraint  length  v=8.  Therefore  we 
assume  dfree  =10,  which  is  a  typical  value  for  such  encoder.  Consequently  we  can 
calculate  the  values  of  fid  for  this  particular  convolutional  code,  and  find  fii0=2,  fiu=22, 
fi 1 2=60,  fi  13=14%,  fi m=340.  Eventually  we  incorporate  the  simulated  results  of  Pi(d)  for 
d=  10  through  14  into  (3.99),  and  calculate  the  bounded  bit  error  probability  Pe. 

Therefore  we  developed  a  tight  upper  bound  on  the  probability  of  error  Pe  for  the 
coded  cellular  system  in  the  Rayleigh- lognormal  channel.  In  the  next  section  we  will  use 
all  these  to  explore  the  performance  analysis  of  the  DS-CDMA  cellular  system. 
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F. 


BIT- ERROR  ANALYSIS  OF  DS-CDMA  WITH  FEC 


In  Section  E  we  developed  the  probability  of  bit  error  of  the  DS-CDMA  channel 
with  FEC  operating  in  a  Rayleigh  fading  and  lognormal  shadowing  environment.  In  this 
section  we  are  going  to  analyze  its  performance  over  various  interference  weights. 

In  order  to  evaluate  the  integral  in  (3.98)  we  will  use  the  Monte  Carlo  simulation 
method.  Thus,  we  generate  cl  independent  samples  from  the  chi-square2  lognormal 
distribution.  If  we  sum  them,  we  form  one  realization  for  the  Zd,  defined  in  (3.91).  On  the 
other  hand,  if  we  first  square  each  one  of  the  cl  samples  and  then  sum  them  we  form  one 
realization  of  Wd,  defined  in  (3.92).  Consequently  we  replace  them  in  (3.98)  and  we  get 
one  realization  ?\  for  Pj  (d).  We  repeat  this  process  10,000  times  and  form  our  point 
estimate  p  for  Pj  (cl)  as  follows: 


(3.100) 


We  then  introduce  the  simulated  first  event  error  probability  to  (3.99)  and  get  the 
tight  upper  bound  of  the  probability  of  bit  error.  Accordingly,  we  simulate  our  model  for 
the  case  of  2  and  3  users  per  cell  and  for  SdB= 2,  and  3  dB.  Figure  3.3  depicts  the  resulted 
probability  of  bit  error,  versus  the  average  received  SNR  per  bit  given  by 
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(3.101) 


where  we  normalized  isjR2  j  =  1 . 


As  shown  in  Figure  3.3,  the  probability  of  bit  error  using  FEC  is  quite  poor, 
bellow  the  minimum  standards  (Pe~10"3~104),  even  for  a  very  small  number  of  users  or  a 
light- shadowing  environment.  The  cause  of  the  poor  performance  can  be  focused  on  the 
great  amount  of  interference  at  the  pilot  recovery  tone,  which  deteriorates  the 
demodulation  of  the  signal. 
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Figure  3.3.  Probability  of  Bit  Error  for  DS-CDMA  in  Various  Channel  Conditions 
with  2  and  3  Users  per  Cell,  using  a  Rate  Vi  Convolutional  Encoder  with  v=8. 

G.  APPLYING  FILTERING  AT  THE  PILOT  TONE  ACQUISITION 

BRANCH 

In  Section  F  we  analyzed  the  performance  of  the  forward  channel  in  a  DS-CDMA 
cellular  system.  As  we  saw  in  the  simulated  results  the  performance  of  the  system 
although  we  used  FEC  turned  out  to  be  quite  poor.  (Pe«10"  ). 

The  solution  to  the  poor  performance  of  the  system  can  be  focused  on  the 
elimination  of  the  interfering  terms.  As  we  saw  in  Section  A  the  interfering  terms  y 0(t) , 
C0(f),  r|(l(U  in  the  pilot  signal  pit)  are  spread  spectrum  signals,  compared  to  the 
narrowband  component  I0(t) .  However,  as  it  was  proved  their  interference  at  the  signal 
performance  is  still  very  large.  Therefore,  in  order  to  eliminate  this  we  apply  a  narrow 
bandpass  filter  at  the  pilot  recovery  branch  centered  at  the  carrier  frequency  fc,  as  seen  in 
Figure  3.4. 
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Figure  3.4.  Block  Diagram  of  the  Mobile  User  Receiver  using  a  Narrow  Bandpass 

Filter  at  the  Pilot  Acquisition  Branch. 


Accordingly,  the  performance  of  the  DS-CDMA  channel  would  depend  on  the 
characteristics  of  the  filter,  such  as  type  or  bandwidth.  For  practical  reasons  we  are  not 
going  to  specify  a  particular  type  of  filter.  Instead  we  are  going  to  let  the  reader  decide 
what  are  the  characteristics  of  the  filter  he  wants  for  optimum  performance.  What  we  are 
going  to  specify  is  a  practical  variable  B ,  which  corresponds  to  the  power  of  the 
interference  passing  through  the  filter,  and  is  directly  proportional  to  the  bandwidth  and 
the  type  of  the  filter.  This  variable  takes  values  from  0  to  1,  corresponding  to  all  the 
possible  states  between  two  cases.  The  first  case  where  B=0,  represents  the  ideal  filtering 
case  where  0%  of  the  interference  passes  through  the  filter,  while  the  desired  pilot  tone 
signal I0(t)  remains  unchanged,  and  has  been  thoroughly  analyzed  in  [1].  The  second  case 
where  B= 1,  corresponds  to  the  no- filtering  case,  where  100%  of  the  interference  passes 
through  the  filter,  and  has  already  been  examined  in  Sections  C  to  F. 

Consequently,  we  are  going  to  adopt  for  our  analysis  the  already  developed  in 
Section  E  moments  of  the  signal  y,  and  eliminate  the  power  of  all  the  interfering  terms 
by  a  value  of  B.  The  only  terms  that  will  pass  unchanged  through  the  filter  are  the  pilot 
tone  terms.  Therefore  the  terms  C,J0  ,  r\J0  and  consequently  their  integrated  products  ^13, 
r|14,  are  the  only  terms  that  will  not  be  attenuated  by  the  filter. 
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Another  difference  in  the  analysis  can  be  spotted  in  the  integrated  intracell 
interference  product  y/y,,,  described  in  (3.40)  as  follows: 
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The  product  of  the  intracell  interfering  terms  resulted  to  another  Y\  term,  which 
doubled  the  power  of  the  desired  signal.  However,  using  the  narrowband  filter  on  the  data 
recovery  channel,  we  reduce  the  effect  of  all  the  non-pilot  terms  coming  from  the  pilot 
recovery  channel,  including  the  loss  of  the  additional  Y\  term.  Consequently  this  term 
will  no  longer  aid  the  demodulation,  but  on  the  contrary  it  will  act  as  interference. 
Accordingly,  in  order  to  get  an  as  more  as  possible  realistic  analysis,  we  will  subtract  it 
from  the  information  signal  terms  and  apply  it  to  the  filtered  interfering  terms. 


Thus,  the  estimate  of  y,  from  (3.86)  will  have  the  Y\  term  from  the  product  of  the 
pilot  terms  I\  /q  only,  and  will  be  modified  as  follows: 
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Accordingly  the  second  moment  of  yt  will  be  defined  as 
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Eventually,  we  can  now  use  the  moments  of  y,  that  we  found  in  and  (3.104)  to 
modify  the  first  event  error  probability  from  (3.88),  as  follows, 
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The  details  of  the  conversion  of  aj  and  a2  into  the  above  forms  can  be  found  in 


Appendix  III-B. 


The  unconditioned  first  event  error  probability  has  been  defined  in  (3.98).  We 
simulate  the  first  event  probability  of  error  the  same  way  we  did  in  Sections  E  and  F, 
using  Monte  Carlo  simulation  method.  Eventually  we  introduce  our  results  to  (3.99)  and 
get  an  upper  bound  in  the  probability  of  bit  error. 

Before  we  proceed  to  the  analysis  of  the  BER  of  the  filtered  case  we  will  test  our 
simulation  model.  Thus,  we  allow  only  the  desired  pilot  tone  to  pass  through  the  narrow 
bandpass  filter,  while  all  the  interfering  terms  are  being  eliminated  (0%  Interference- 
B= 0).  For  comparison  reasons,  we  simulated  our  model  for  the  case  of  20  users  per  cell 
and  for  s  dB=2  to  9.  The  resulted  probability  of  error  is  depicted  in  Figure  3.5,  where  we 
observe  that  our  simulation  products  track  identically  the  results  of  [1],  verifying  both  our 
calculations  and  our  simulation  model. 
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Figure  3.5.  Comparison  of  Probability  of  Bit  Error  for  DS-CDMA  in  Various  Channel 
Conditions,  using  a  Rate  Vi  Convolutional  Encoder  with  v=8. 

In  order  to  further  improve  the  performance,  we  can  limit  the  amount  of 
interference  by  sectoring  the  cells  into  3  or  6  sectors  of  120°  or  60°  sectors  respectively. 
This  simply  reduces  the  number  of  sectored  users  in  the  cell  i  to  K,/S,  where  S  is  the 
number  of  sectors.  As  we  see  in  Figure  3.6,  the  performance  of  our  DS-CDMA  cellular 
system  is  greatly  improved  with  sectoring.  Accordingly  we  will  use  60°  sectoring  to 
optimize  the  performance. 
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Figure  3.6.  Comparison  of  Bit  Error  for  DS-CDMA  using  Sectoring  with  20  Users  per 

Cell. 

Eventually,  since  we  tested  our  simulation  model,  we  can  vary  the  interference  at 
the  pilot  recovery  channel  and  check  the  effects  on  the  bit  error  probability.  We 
performed  the  simulation  of  the  bit  error  probability  for  20  users  per  cell  in  an 
environment  with  lognormal  G  dh  =5dB.  The  resulted  probability  of  bit  error  is  depicted 
in  Figure  3.7.  As  we  see,  when  we  increase  the  amount  of  interference  that  passes 
through  the  pilot  filter,  the  probability  of  error  drifts  away  from  that  of  the  ideal  filtering 
case,  while  the  performance  of  the  system  is  reduced  according  to  the  amount  of 
interference  that  gets  through,  or  generalizing  to  the  bandwidth  of  the  filter. 

Similar  graphical  results  for  various  channel  conditions  are  also  provided  in 
Appendix  III-C. 
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Figure  3.7.  Probability  of  Bit  Error  for  coded  DS-CDMA  with  Rayleigh  Fading  and 
Lognormal  Shadowing  (a dB  -5)  with  20  Users  per  Cell,  using  60°  Sectoring. 

Summarizing,  we  can  observe  in  the  simulated  results  that  an  increase  either  in 
the  number  of  users  per  cell  and  the  amount  of  the  lognormal  shadowing  or  in  the  pilot 
channel  interference  (bandwidth  of  filter),  deteriorates  furthermore  the  performance  of 
the  system.  Thus,  in  the  next  section  we  will  try  to  further  improve  the  performance  by 
adding  power  control  at  the  pilot  tone  channel. 
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APPENDIX  III -A.  DEVELOPING  THE  VARIANCES  OF  THE 
INTERFERENCE  TERMS 

1.  Variance  of  Intercell  Interference 

6  K,-\ 
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be  the  contribution  to  the  interference  terms  from  the  individual  channel  j,  in  the  adjacent 
cell  i. 

Accordingly,  (3.109)  can  be  modified  using  (3.110)  as  follows: 
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We  can  simplify  /..  as  follows: 
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where  aM)  =bij(t)wij(t)ci(t )  is  also  a  PN  sequence. 


The  variance  of  £u  can  be  now  defined  as 
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assuming  that  the  contributions  of  the  /  terms  are  independent  each  other. 


Now,  we’ll  find  the  moments  of  /,, : 
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Then, 


E[x ]  =  E  aij(t  +x;  )dl  ( t  )dt 
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since  £’{x}  =  0. 


The  variance  of  /„  can  be  calculated  as  follows: 
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where  we  determined  ffcostj),]  =1 /2,  assuming  that  cp;.  is  uniformly  distributed  between 

(0,2p). 


Therefore  we  will  find  the  variance  of  x,  as  follows: 
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We  observe  that  dx{t)  and  atj(t)  which  we  defined  in  (3.109)  and  (3.111)  are  PN 

signals  independent  from  each  other,  with  the  same  chip  period  Tc,  and  with 
autocorrelation 


P(T)  = 


x  N 

1 - 

T 


[0 


,  for  |x|  <T/N 
,  elsewhere 


(3.114) 
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Accordingly,  we  can  write  the  variance  of  x  as 


We  change  the  variables  as  follows: 
u  =  t  —  X,  and  v  =  t+X  , 
and  we  solve  for  t,  ?  : 


u  +  v  =  2t  =>  t  =  1/2  (m  +  v) 
u-v  =  -2 X  =>  X  =  1/2  (v-m) 

We  calculate  the  Jacobian  determinant  of  the  transformation  as  follows: 


rdt 

dX  ' 

fl 

n 

du 

dt 

=  det 

2 

2 

dt 

dX 

1 

1 

ydu 

du  j 

v2 

2  , 

The  new  limits  of  integration  are  determined  to  be 
-T  <u  <T  and  |w|<v  <  2T-|w|, 
as  shown  in  Figure  3.8. 


Applying  the  changes  of  variables  we  find  that 


<V  =  \-T  J|« dX’dU 

=  \T  (32(m)-  dv  du. 

J-rJn  F 
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Figure  3.8.  Transformation  of  the  Limits  of  Integration  (t,?) — Ku,v). 

We  assume  that  the  region  of  integration  is  symmetric  about  the  v  axis,  as  shown 
in  Figure  3.8,  so 

0  rT  r2T-u  -  1 

<3  ~  —  2j(  J  P”(w)  —  dv  du 
=  Jr  $\u){2T-2u)  du 

=  2^  p  \u)(T-u)du  (3.115) 


Accordingly,  applying  the  autocorrelation  function  P(w)  which  we  defined 
(3.114),  we  can  modify  (3.115)  as  follows: 


yN  r  ,_ 
l  T  j 


(T  -u)du 
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2J< 

2J« 


% 


% 


,  2Nu  N2u2 

1 - + - T- 


J 


T-2Nu+- 


N2u2 


( T  —  u)du 
2Nu2 


-U  +  - 


- N2u 3  A 


dw 


=  2 


Tu 


2  Nu  N2u  u  2Nu  N2u 


1  Vn 


-+■ 


3  T 


2  +’  3r  4 T2 


2  T2  2  T2  2  T2  T  2  4  T2 


-  +  ■ 


-  +  - 


iV  N  3N  N2  3N2  2N2 

2T 2  3  T2  4  T2 

■  +- 


3  N  2N2  3N2 


2T 


2T: 


3N  6N~  3N 
since  N  =  128  »1. 


(3.116) 


Eventually  we  can  use  (3.116)  to  modify  (3.113)  as  follows: 


R; 


R 


x- 


2  T 

3  N 


VHg]7! 


6N 


(3.117) 


The  variance  of  given  in  (3.117)  will  be  used,  as  we’ll  see  in  the  calculation  of 
variance  of  other  interference  terms  too. 

We  can  now  use  (3.117)  to  derive  the  variance  of  ?u  from  (3.112),  as  follows: 


oJ=2r2piLL° 

1=1  7=0 

6  K-l  T2E 


i=l  7=0 


6N 
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■^p,T±KfE[R- ’]£[/>] 


(3.118) 


i=l  j=  0 


6  -1  K-\ 


b •  ^  12  =  r  J0  £  £  £  ^ V/;  /,/;  0  +  T- )  W  wa  (?  +  X,. )w,01  (?) q (?  +T , ) d> )cos cp ,.<* 


1=1  j=0  k=0 
te  1 


i^-1  6  AT/-1 


=  rIo  £  ££  RiJp^b'jit+TjWjit+TMt+T'Xe  1©C0SCP,.J?. 


A=0  /4  j=o 

A  41 


where  wtei(f)  =  wk  (f)  vt{ ( f)  Mfa(t)  is  another  Walsh  sequence,  and  ekm(t)  =  wkm(t)c(t)  is  a 
PN  signal. 

We  consider  again  the  contribution  of  each  interference  term  individually,  so  we 


hj=\l  R, J^A;, ( ?  +  x ,) w ,; ( ? + x , ) c , ( ? + x , ) ffil ( $ c o s (p ,?/? 

Accordingly  £12  can  be  written  as 


6  A",— 1  A'  1 


C12  =  r£££  n/^Mj 


i  =1  j  =0  k  =0 
tel 


The  variance  of  Iijk  has  been  calculated  in  (3.117)  and  is 


£L  '*1 - 77, - 


(3.119) 


The  variance  of  £12  can  be  written  as 


aCn2  =  rT£2^a/s 

'=1  J=0 


(3.120) 


Applying  (3.119)  to  (3.120)  we  can  find  the  variance  of  £12  as  follows: 


6  t2e[r2~\e\r.1 

■A-TIL  1  ;,J, 1  aJ 


!=1  J=0  k= 0 
*4l 


57 


6  Kj-lK- 1 


7T'  7  III  />,£[«, 2]£[^] 


(3.121) 


i= 1  7=0  £=0 


j  b  A,-l 

c-  ^13  =  rV^TJ0  £L^V^y(r+X7H(r+x/)wi(r)c^r+xi)c(f)cos((PI)^ 

/=1  j=0 

r  6  fff-l 

EE  Ri^bij(t+xi)Wf(t+xi)ci(t+xi)e1()cosvidt, 


'  = i  7=0 


where  <?,  (f)  =  vv,  (f  T(f)  is  another  PN  signal. 

We  consider  again  the  contribution  of  each  interference  term  individually,  so  we 


h  =|  R^Yb^+x'H(t+T^c-(f+T^ei^cos(P idt 


So  £13  can  be  modified  as 


6  K)-\K-\ 


^  i3  -  rV2  Po  E  52  52 


1=1  7=0  &=0 
**1 


The  variance  of  ^l3  is  now  given  by 

aJ=2rVoEEV’ 

i=l  7=0 

assuming  that  the  /..  terms  are  independent  one  with  each  other. 


Using  the  variance  of  /..  that  has  been  calculated  in  (3.1 17),  we  can  derive  oc  as 


follows: 


6  K-l  E 


ac,3  =2r2PoEE- 

1=1  j=0 


XK7}]' 


(3.122) 


6  ^  —1  K—l 


d-Ci4  =  r[.  EEE7W Pkpijbij (t  +x' A (/ ) ^ (/  +  x/) w* ®1  (0  *cI.0+xI.Mf)cosq>I.* 

1=1  j=0  H 

r  £-1  6  ATf-l  _ 

=  rl  E  EE  R^PkP,lbU(t+X^Wll(t  +X,K(?  +X1>«BI  (^COS  cp,df  , 


&=1  (4  7=0 
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where  wk(B] (t)  =  wk(t)w^( t)  %(t) ,  is  another  Walsh  sequence,  and  ekm(t)  =  wkm(l)c(l)  a 
PN  signal.  We  also  set 

h  =  £  ^^^(t+T^w^t  +  T^it+T^e^Ocos^dt 
So  C,l4  can  be  written  as 


6  K,- 1  AT-1 


Cm =^£EE  ft 


i=l  y=0  jfc=0 


The  variance  of  /...  has  been  calculated  in  (3.117)  and  is 


rzE[^]£[p,] 

L  ijk  -I  ^ 


Accordingly  we  derive  the  variance  of  C,i4  as  follows: 

!V'  'Xii 

(=1  7=0  jfc=l 


(3.123) 


6  AT.-l  6  Kp- 1 


e-  ?.>=lo  ££££  R:R„JP^b, ,0+z, W+hKO+i,)* 


i= 1  7  =0  p=l  g=0 


0  +X  0  +XP  )CP  0  +x  „  )cos(cp,  -cpp ) 

—  C  150  ~*"Cl51> 

where  we  considered  two  cases,  ^l50  for  p  =  i,  and  ^150  for  j o^i. 


(3.124) 


6  K- 1  AT,  — 1 


c»-f  eel  Ri  ^^qbi^t  +  Xi')Wi^t+\>>Ci(<t  +Xi)\(t  +  T,)wi?(t  +T,)c,(/  +T,)w,(f)  COS(cp,  -Cp,.) 


1=1  7=0  <7=0 


6  ^,-1^-1 


=1  ELI  R:\lpu  Piq  bij  (t + T(.)  Wfj  (t + x,  )biq(t  +x,)wiq(t  +xi)wl(f)dt , 


i= 1  7  =0  q  =0 


since  c,“(r  +  x.)  =  l. 
We  let  again 


=  lo  bu(,+xiK(t  +x/)%(?  +T/K(r  +  T,.)w1©cos(0)dr 
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=  lo  bk  ^  ° s (4>,  )dt , 

where  ^  =  blj(t+xi)b[q(t+xi),  ak  =  wtj(t  +xi)wlq(t+xi)  and/,=0. 

We  consider  Iijq  as  the  standard  form  used  in  (3.117)  with  the  following 
transformation: 


Accordingly  the  variance  of  Iijq can  be  modified  as  follows: 

T22e[r; ']£[P„Pt] 


6A 


where  we  did  the  following  transformation 


R,2  —  — >  R,4P;;P:. 


So  we  can  express  ^150  in  terms  of  I..  as  follows: 


6  Ki-XKi-l 

C  150  =  'Yj  ’ 

i=l  7=0  #=0 

while  the  variance  of  ^150  is 

6  Kj  Kj-\ 

i=1  7  =0  q  =0 
6  AT,— 1  AT,  — 1 


„  'III  £[Rf*]iT[^]E[/>,] 

i=i  7=0  g=0 


r  6  AT,-1  6  «p-l 

U=J„  mL  E  E  E  -x  0  +x  p)wpq  V  +x  p)cp  (t  +x  p)cos(<p,  -  <pp ) 

1=1  7=0  p=l  9=0 

p^i 

For  simplicity  we  set  RiRp  -  Rip ,  wi wp  =  wjp ,  coscp;/)  =  cos(cp;  —  <p  ) 


Also  we  set  ev(t)  =  A,(/)if,7(/)  q(f) ,  and  eM(f)  =  bpq(t)w  pq(t)cp(t) ,  which  are  PN 


sequences. 


Then  we  modify  £1S1  as  follows: 
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u=E  fit  wi(r) 

i=l  7=0  p=  1  q—  0 
pri 

We  set  again 


:m  =  ^  y[K  cos(P,  J0/  vvt(0  $(f  +x,  )ew(f  +x,  )<* 

Accordingly  £151  can  be  expressed  in  terms  of  /)/;)(;  as 


Cm 


6  Kj-l  6  X,,-l 

=EEEE ' 


*/P$ 


t=l  7=0  p  =  l  g=0 

and  since  the  contributing  terms  /..  are  independent  we  can  write  that 


6  X,-l  6  Xp-1 


°L=EEEEa?. 

i=\  j=0p=l  ?  =o 

o72  =i?r/vj 

ypq  L  J 


=  £ 


i?2 


cos2(pJ:J:  w1(r)w1(^)^.(t+xi)^.(X  +x,.)eM(f  +x/>p?(A +xp)dtdX 


=  £[«,2]£[«,!]£[Ps]£[P„]i|orJor  £[«'1(r)wjO.)]£[^(»+T,)<r,a.+T,)]£p„(»+T,)e„(X+T,)]*dX 

v  / 

Z 

=  z£  £  £[h  |  (t)wt  (A,)]  [1 2  (r  -X  )dtdrk  , 

where  for  simplicity  we  set  z  =  ^-E[Rj2]E[Rt2\E[R]E[Ppq\ .  (3.125) 

We  know  that  the  autocorrelation  function  a j(t  —  X)  =  E[wi(t)wl(X)]  of  any 
particular  Walsh  function  is  dependent  on  which  user  channel  we  are  considering. 

Accordingly  in  order  to  make  our  model  non-channel  specific  we  will  use  the 
average  of  all  the  autocorrelation  functions,  which  can  be  calculated  as  [1]: 


N 


N- 1 


Y  a»(w) 

1=0 


' 

u  N 

1- 

- ,  for  u 

T  1  1 

0, 

elsewhere 

T_ 

N 


(3.126) 
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As  we  see  the  average  «,(«)  is  the  same  with  f j (t )  defined  in  (3.114). 
Accordingly  we  modify  (3.125)  as  follows: 

a:  =  JT  $\t-X)dtdX 

Lim  JO  JO 

We  change  the  variables  as  follows: 


u  =  t-X 
v-t+X 

So  o  2  can  be  written  as 

1  Upq 

?  rT  r2T-u  , 

or  =  z\  p  (u)dvdu 

Jo  Jo 

=  zf  $\u)(2T  -2u)du 
=  2  zj  $3(u)(T -u)du 


-H 


%  (.  Nu } 


(T  —u)du 


= H 
= H 
= 2zl 
= H 
=H 

=  2  z 


Vn 


f.  Nu  V  2 Nu  N2u2\ 


1-- 


1  — 


-  +  - 


A 


(T  -u)du 


Vn 


Vn 


Vn 


Vn 


(.  2 Nu  N2u2  Nu  2 N2u2  AV  a 


-  +  - 


-  +  - 


(T -u)du 


t  3 Nu  3 N2u2  N3u 3  A 

1 - 1 - o - T" 


{T  -u)du 


3N2u2  N3u 


T-3Nu  + 


AV 


3..  3 


T  T 2 

A3  +  3 A2  A 


■  U  + 


3 Am 2  3A2m3  AV 


+  W  + 


T  T2 
3A2  +  3A ' 


-  +  - 


-u(3N  + 1)  + 1 


J 


du 


AV  (A3  +3 A2 )  4  I4 3A2  +3A  ^ 
-  u  + 


5  r 


4r- 


v 


3r 


3  (3A  +  1)  2 
u - u  -lu 


J 


Vn 
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2  z 


r-  (n'  +  3N2)^  :  Ur2  1  tAf  T 2  )  (3N  +l)r;  r_ 

2N 2  N 


5N 


AN4 


-t2  +  (n2  +  n) 


t/ 

/n 


2  z 


=  2  z 


2z 


(N  +  3) 


5V2  4./V2 


r2  + 


(2V  + 1) 
N2 

v  2V  y 


r2- 


(3V+1)T2  T 


IN 2 


+  ■ 


V 


r/ 

/JV 


Jo 


r2  r2  3r2  r2  l 

- h - +  —  +  0x  — 

AN  N  2N  N  N 


a/n 


AN 


zT 2 

2N 


,  for  N  =  128  » 1 


If  we  replace  z  back  to  its  original  form  from  (3.125),  we  get: 
a:  =  JT  $\t-\)dtdX 

m  JO  JO 


r; 


r. 


EVP,)E[Ppq] 


(  }  3  rr1 


=  E[R?]E[Rp2]E[P^E[Ppq\ 


V2  J 


AN 


X- 


2  N 


Finally,  we  can  find  the  variance  of  Iijpq  as  follows: 

6  AT,- 1  6  Kp~  1 
1=1  7=0  /?=  1  <7=0 


t2  6  ^-1  6  KP~l 

=tvEEEE  E[R2]E[R2]m,mprq\ 

/=1  j=Q  p=i  q=0 


p*l 


Therefore  the  variance  of  £15 ,  set  in  (3.124)  as  £15  =  ^150  +  £151 ,  will  can  be  now 
defined  as: 


_  Z  _  Z.  _  z,  1  rT~’ ~ 

Gy  —Gy  +Or  - 1 

S  is  S150  Si5i  yy 


(  |  6  Kt- 1  Xi-1 


jE  E  E 


/=0  7=0  g=0 


+^E  *£  E  E  £[<<,2]£[<?;]£[<5]£[f„] 

^  i=0  7=0  p=0  #=0 


(3.127) 


Variance  of  Intracell  Interference 


The  intracell  interference  is  expressed  by  y14  term  only,  defined  as 
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fK- 1 


Yi4  =r2T 


yk®  1 


Y,'IPkPk®Ahk 

\k= 2  ) 

We’ll  find  the  moments  of  y14 : 


fK- 1 


E[yu]  =  E]rzT 


^  yj  PkPk  ®i  ^A®\ 


k=2 


fK- 1 


r2r 


jfc=2 


■  0 


K-\  K- 1 


<4  =£[Yi42]  =  £  ^2E  E  V^A-V  P j  ®1  ^/ffi  1 V PA  \] Pk  C+A 

L  7=2  7=2 

We  spit  the  sums  into  two  cases,  j  -  k  ,  and  j  ^  k : 

fK-l 


k®  1 


=^2 


E  A£[42]ft®i£[^2®i]+ 

k=2 

+E  E  R  ®i  E  \pk  ®i  ] 

f  JC-2  A 

4^2'E 


a:-i  k- i 


7=2  *=2 
k*j 


r  T 


rAT2  E  hhei 

i= 2 


Variance  of  Noise  Interference 


a.  T|n  =  r|  yflpl \(t  )c(t)n(t)cos2jifctdt 
We’ll  find  the  moments  of  T|n 

Ehi]  =  E[tjl  ^pA  (if  )c  (t  )n(t)cos2K  fctdt 
=  r^2 p]  J  )e(0£,[«(0]cos2jt/cfa!t  =  0 

<  =£[1l"] 


/■22  pjis 


■T  rT 


0  JO 


bx(t)bx{X )C[ (l  )<:■,(  A.) /7( /  >/  (k)cos2n  fctcos2n  fcXdtdX 


2/7j|q  |  /?,  (t )/?,  ( A,)cj  (r )c, f  ZY [/z ( r  >z ] c o s 2tc  fct  cos2k  fcXdtd)i 


(3.128) 


(3.129) 
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We  know  that  the  autocorrelation  function  of  noise  is  given  by 


E[n(t)nQi)]  =  ^-d(t-X) 


X 
■  2  ’ 
0, 


for  t  =  'k 
elsewhere 


Accordingly  (3.129)can  be  modified  as  follows: 


o2^  =  r22/?1J'^  £  -^-6(t-X)bl(t)bl(X)cl(t)c1(X)cos(2'Kfct)cos2KfcXdtdX 
-r22pA  ^-b2  (t)c2  (/)  c  o  s(27t  fct)dt 

Jo  2 

=  r22p{^-  f  b2 (t)c2  (t) cos2 (271  fct)dt 
2  J° 

=  r22p1^-^  b2  (t)c2  (t)—[l  +  cosAn  fct\dt 
=  r22/7j-^-|o  (l+cos4 Tifc)dt 


t 


t+ 


sindrt  fct 

**fe  I 


r  + 


sin4rc/cr 


2  /-)  t 

r  2/j[ — -  T 


=  \r1plN„T, 


(3.130) 


where  we  assumed  that  f  =  — . 

J  c  J, 


r  tf-1 

b-  Tli2  =  rj0  L  \/2Pkbk tKOv,(HMOcos( 271  fct ) rff 

teO 

tel 

AT-1  _  r 

=  52  ><  0  cos  (2tt  t)  dt 

k=0 

tel 


We’ll  find  the  moments  of  r|12 : 


£’[rii2]  = 


K- 1  < ^ 

52  bkd)wA  W  H  yi(t)cos(2nfct)dt 


k=0 

k¥i 
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K- 1  _  T 

=  52  r\/2/2"j0  4  £  VtOv  li  $(t)E  [n  (,)]  COS  (271  fct)dt  =  0 , 

&=0 

since  £  [/7(f)]  =0. 

<  =  E[n,V] 


=  £ 


52  52  ^2A'1o  Jo  ^(r)4(^)w-t(0w/(^)wi(O^  X)n(tyiQi)cos(2nfct)cos(2nfcX)dtdX 


k=0  1=0 

tel  tel 


=  r22p^£  J  bk(t)bl(X)wk(t)wl(X  )wl(t)wl(X)c(t)c(X)E[n(t)n(k)]cos(2nfct)cos(2nc'k)dtd'h 

k=0  1=0 

tel  tel 


=  ^  ^  r22p^|o  J  bh(t)bl(X)wk(t)wl(X)wl(t)wl(X)c(t)c(k)—8(t-X)cos(2nfct)cos(2nc'k)dtd'k 

k=0  1=0  0  0  2 

£*1  /*1 


=  52  12  2  Pt.  ~r  L  4  0 )  4(  0  wk (t )  h7  (l )  Hi2  ( A.  X- 2  (/)  c  o  s 2  (  2ti  /;  t)di . 

k=0  1=0  2 

tel  tel 


(3.131) 


The  Walsh  functions  wk(t)  and  wt  (t)  are  orthogonal  with  each  other,  so 


f  wk([)wl(t)dt 

Jo 


JO,  for  k^l 
{l,  for  k  =1 


Accordingly  we  can  split  the  integral  into  two  cases,  for  k  =  l ,  and  k  ±  l ,  and 
rewrite  (3.131)  as  follows: 


aL  =  L  r'  W1 2Pk  \lbl  (0  4  0) c o s2  (2n  fc  t)  dt  + 

k= 0  2 

tel 


tel 

=  E  r22^^f ^-[i+eo^TC/^Jft  +  O 

jfc=0  ^ 

**i 
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K- 1 


V1  2o 

L  '■2ft  — 

k=0  H 


r  + 


sin4r// 

4 nfe 


V  2o  Not 
=  L  r  2Pk~rT 

k= 0  ^ 

tel 

=  \r‘NJ'Y.P*’ 

2-  *=0 
A -^1 


where  we  assumed  that  f  =  —  . 

J  c  J, 

6  A;=l 


(3.132) 


C.  r|13  —  1  E  E  ^  (t  +x;  H  +x  /M  0  +  x>i  (f  >  (f  )cos(2n  /)/  +  cp;  )dt 

M  7=0 

6  A,  - 1 

=E  E  J.  R;j2P^bj  (t+x, )wtj (t  +xi)ci (J  +x ,.)w, (/  )7(/)cos(27t  fct  +cp,.  )dt 


i=  i  ;'=o 


TV,,. 


Let  IV..  be  the  noise  contribution  to  the  interference  terms  from  the  individual 

V 

channel  j,  in  the  adjacent  cell  7,  where 


NU  =  .C  (r  +X  Jw‘i(t  +x'- )C' (t  +X'  ^ (r  )n(  cos(2k  fJ  +  9,- )dt 


R,J—  ->  RiXl2R^  R-  —  ->  2Ri2Pii 

1  a/  2  i\ij  f  2  1  ij 

Then  ri13  can  be  expressed  in  terms  of  N u  as  follows: 

6  K,- 1 

'1  E  E  N« 

i=l  7=0 

Accordingly,  we’ll  find  the  moments  of  AL . 


E[Nij]  =  E [  ( t  +x i)wa (t  +x; )ci ( t  +x/ ) Wi (?  M f)cos(2n /ct  +  cp,  )dt 

r  Ri 'J2Rvh'j (t  +xMj (!  +X ,)c,. (t +xi)wl (t  )E  [n  (0]cos(2rc  fct  +cp,)<* 

=  0, 

since  E  [n  (t )]  =  0  . 


67 


°l  =  E 

y 


N.r 


=  E\R22P .  \T  f7  b..(t+x.)b..(k  +x .)w..(t  -lx.)w..(A  4x.)x 
'  </ Jo  Jo  v  yv  ''  yv  ''  !/v 


xcft  +X;  )c,(A  +  X;  )h,  (f)w’  (A,) n(  r)/z(A)cos(27t  fct  +  cp,  )cos(27t  ff  +  cp,  )dtdX} 

=  ^(t+xfb^X  +xi)wij(t  +x,)wi/(A+x,)x 

xc,.(r  +x;  )c,.  (A  +x,  )w1(f)w1  (A)£[n  (f  )i  (A)  ]cos(27t  fct  +  cp,.  )cos(27t  fc  A  +  cp,  )c/fc/A 

-w.-hca+x.ox 


AA 


xcft  +x,.)c,(A  +x,.)w1(7)vr1(A)-^-S  (7  -  A)cos(27t /f7  +  cp,)cos(27t/,,A  +  cp,)d/r/A 
=  2£  [Rf  ]  E  [/>,  ] ^ J()r  b^  (t  +x ,.) w,2  (7  +xf  )c,  2(7  +  x, ) wx2(7)  c  o  s2  (271  fct  +  cp,  )df 


|(l  +  cos(47l/cf  +  2cp,)^) 


E[R-]E[P^\]  1  +  cos(47l  fct  +  2cp,.  )dt 


Nn 


E[R^E[P^ 


7  + 


sin  (471  ft  +  2cp,. ) 

4^fc 


:£[r.!]£[^] 


Nn 


T  + 


sin  ( 471  f'T  +  2cp. )  sin  ( 2cp,. ) 


4 nfc 


4 nfc 


(3.133) 


We  assume  again  that  fc  =  —  ,  so  we  can  simplify  the  sinusoid  terms  in  (3.133)  as 


follows: 


sin 


4tx  -T  +  2cp , 


:  sin  2cp, . 


Therefore  (3.133)  can  be  written  as 


ck=E[^lE[b] 

LJ 

=  e[r1]e[p.]E-t 


sin  (2cp,. ) 
4 nfc 


sin  ( 2cp , ) 
4 nfc 
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Eventually,  we  can  find  the  variance  of  r|13,  assuming  that  AE  are  independent  as 
follows: 


6  K-\ 

=£  I  < 

;=1  j= 0 


n  13 

6  K,- 1 


=£  £ 

I'=1  ;=o  z 

=iA'.:r£  £ 

Z  1=1  7=0 


(3.134) 


d. 


Ill4  =  r'J^Po\l  t)  wx(t)  c  o  s  2 ft  /cf 

<=£M  = 


=  £ 


r22p0|  |  n( 7 >i (X) c( 7 )c (X) vv; (? )  w,  (A.)cos  ( 27t  fct) cos ( 27t  ft\) dtd X 


=  r22p0Jo  |  E[n(t  yiQi)]c(t)c Qi)wl(t)wl(X)cos(2n  fct)  cos(2n  fcX)dtdX 
=  r22p0£  £  ^-8  (t  -X)c(t)c Qi)w1(t)wl('k)cos(2'K  fj)cos(2K  f^) dtdX 
-  r2 2 pQ  "~|()  c2(0 wf(t) cos2  2 n  fctdt 

=  r22p0  +cos(47t/ct] 

2  JU  2 


2r\  Nq 

=  r  2Po~r 


T  + 


sin  (47 lfcT) 

4 */e 


=  ^22p0 


4 


—r  P(N I  > 


where  we  assumed  that  /  =  ■ 


T 


K- 1 


e-  rli5=rj0  H  -Jvh  h  (I ) wk m(t )c( t ) li  ()  cos  (271  /c  t)  dt 

k= 1 


(3.135) 
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K- 1  T 

=  H  rL  yvit  )v  <X  Ji(t)cos(2Kfct)dt 

k=l 

K-\  T 

=  H  >'{()  yjlthh  $  >v  kt)v  !<  b(f)rt  i)  cos  (2tc  fc  t)  dt , 

k= i 

since  vv’0(O  =  1 . 


We  observe  that  r|15  is  the  same  as  r|12,  apart  from  the  limits  of  the  sum,  which 
are  not  significant  at  the  calculation  of  the  variance.  Thus  working  the  same  way  as  r|12 
we  obtain 

o2„15  =  V;v0r|> 

z  k=  1 

T  6  K~  1 

f-  Tli6  =  J0  L  £  Ri-ffijbu (l  +T »H(f  +x, )C, (/  +T,. )w, (/ X r)  cos(27T //  +  q># 

i=l  7= 0 

We  observe  that  r(16  is  equal  to  r|13 .  Therefore  from  (3.134)  we  have  that 

<  =< = I  <3-136) 

Z  i=l  7-0 

g-  rf(t)wx(t)dt 


We’ll  find  the  moments  of  r|17 
£hi7]=£[r|2(0]jor  wx{t)dt 


N„  rT 

=  — -f  w.  (t)dt  =  0 , 

2  Jo 

since  we  know  that  for  any  Walsh  sequence  J  wk  (, t)dt  =  0 


^  =  ^  |  |  n  {t)n(k  )w1(t)wl(k)dtdX 

We  set  y(t)  =  ir(l)  and  we  apply  the  square  law: 
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^[r|i72]  =  E[y(t)y(X)\wt(t)wt (X)dtdl 
=  £  (i^2  (0)  +2 w,  (Ow,  (X)dtdX 

=  j0j0  ^ (Oj h, (1 ) h,( X)dtdX  +  2^  £  R^(t-X)w1(t)wlX)dtdX 


'  ^11171  +<7lll72  ’ 


where  Rr]  (t  —  A. )  i s  the  autocorrelation  function  of  r) (?) ,  such  that 

Accordingly  we  can  find  o  2m  as  follows: 

<  =(X  <<0)H 'fiHmtdX 


(3.137) 


f  f  -^-8(0)  w,(t)w,(k)dtdX 

Jo  Jo  o 


Jo  Jo  2 


=  (Wj(f)8 (0))(w1(X)6 (0) ) did K 


[  f  w,  (0)8  (t)w, (0)8  (X)dtdX 

A  Jo  Jo 


N0~w?(0)  fr  fr 


f  f  S(t)(k)dtdX 

Jo  Jo 


<2  =  R^(t-x)wl(t)wl(X)dtdl 


(3.138) 


T  T  '  /\/ 

2f  f  — —8 (?  —  A, )  wAt)w,(k)dtd'k 

Jo  Jo  2 
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=  -^— f  f  8(t -X)b(t -X)w,(t)w, (k)dtd'k 

2  Jo  Jo 

We  know  that  x(t) 5  (t)  =  *(0)S(  t) . 

Let  x(t)  =  8  (0  ,  then  (3. 140)  can  be  written  as 
80)8(0  =  8(0)8(0 
Accordingly  we  form  the  terms  of  (3.139)  into  groups,  and  we  obtain 
°n172  =“^r!0  £  8(0)w1(08  0-X)w1(X)dXOt 

AT  ~  J'  rj* 

=  — £  8  (0)w,  (f)df£  8  0-X)wj(^)dA, 

=  — 8  (0)  wt2(t)dt 

AT  2 

—  — ^ — w j 2 ( 0 ) J"()  8  (t)dt 


J'T 

8  (O0t  =1 . 

0 

Finally  we  can  find  the  variance  of  r|17  adding  (3.138)  and  (3.141),  and  obtain 


(3.139) 

(3.140) 


N  2  N  2  3A  2 
4  2  4 


(3.142) 
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APPENDIX  III-B.  DEVELOPING  THE  ax  AND  a2  TERMS  IN  SNIR 

In  order  to  develop  the  terms  ax  and  a2 ,  we  are  going  to  introduce  a  new  random 
variable  Zd  =  zd,  which  is  the  sum  of  d  multiplicative  chi-square  (with  2  degrees  of 
freedom)-lognormal  random  variables  given  by 


d 


1=1 


and  another  random  variable  Wd  =  wd  ,  which  is  the  sum  of  d  squared  multiplicative  chi- 
square(with  2  degrees  of  freedom) -lognormal  random  variables,  given  by 

wd  =  '^iriixf  =  ^(r,2l,)2 

i=i  i=i 


We  are  also  going  to  use  the  identity  for  the  lognormal  random  variable  Xt  from 

(3.85): 

E{Xi}  =  E{  1/  V  }  =  E{ X . }  =  exp(^p) , 

and  we  will  normalize  the  Rayleigh  random  variables  R, ,  such  that 
£{R,4}=  E{R?}  =  E{R2}  =1 

We  finally  introduce  a  new  random  variable  Ec  =  fP,Tx  /LH(d) ,  which 
represents  a  baseline  received  coded  bit  energy  without  the  effects  of  fading  or 
shadowing,  or  Ec  =  (k/  n)Eb ,  where  Eh  is  the  uncoded  bit  energy. 

The  term  a,  defined  in  (3.89)  can  be  written  as 


Ci\  = 


Lh  (  d  )  l  2  2  \ 

r  r  p2T2  ^  +  °  ^  ) 

JoJlE  1cc  ;=i 

Lh  (d)  yrp  2  .  LH(d) 


fJiPX  tr 


+ 


fJiPX  fe 


52°  2%c4,< 


(3.143) 
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Expanding  each  term  of  a,  separately  we  get: 


1  L'iAd)  VW  -  M 

'  urX  w  1W  /o/x2x2 

LH\d) 


<=1 


3^44?  U 


1=0  7=1 


LH\d) 


=  Zrf 


=  ^ 


1  O  A;_1 

^IXK) 

•^V  i=0  j=i 


'id 


L„(d) 


LAD,) 


£{*,} 


av  ' 


exp 


dB 


2 

v _ _ 

6  K,-lf  f  \ 

J  ij 


3  N 


IE 

‘=1  7=0 


/l 


vj|; 


MX) 


V \d) 


*114,1 


2. 


1=1 


//A2  «  “  MSV 

L„\d) 


1= 1 _ 

M<*) 


1 

,  2  X- 

//XX,  2 

LH\d) 


\N°  J 


(  77  \ 


(3.144) 


(3.145) 


So  after  (3.144)  and  (3.145)  the  term  ax  from  (3.143)  can  be  expressed  as: 


4w 

/o/iftc  tr 


a 

E( 


_  2  .  _  2 


*114,1 
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=  z  £XP[  2  JfyffA^^fEA1 

d  OA7-  L-i  L-i\  f  T  /  n\  O  A? 


i=l  7=0  > 


/i  Ln(Di)  2[N, 


The  term  a2  defined  in  (3.90)  can  be  written  as 


(3.146) 


T 2  (A  \  d  15  17 

ai  =  7  fptprlL  £°  +°  2*v  +  jL' a 

Jo/lT  dec  I- 1  i=ll  1=11 

iV14  ^ 

LH(d)  /  2  .  _2  .  _2  .  _2  .  _2  .  _2 

-  2t2  \G  Cici,/+°  S127  +<*  Cl4.,  +°  ?ic5i+a  Yfu  +  <y  <11  + 

Jo  J\  ‘t  'a: 

2  2  2  2  2  \ 

+o  r|f2/  +CJ  1^3,  +o  nfs,,  +cy  mcw  +CJ  r|f7J )  ■ 


(3.147) 


Expanding  each  term  of  a2  separately  we  get: 


T//~(r/)  y  2 

f  f  D2T  2 


1.  'To2(„  =-^1 


Y*\ ii 


/o/l^X 


/o/.^X2 

LH\d) 


d  r2x  f  PT  2  1  (>  Kt~\ 

-^ee  ww 

/=1  ^H\a)  Jiy  i= 1  7=0 


vw 

//A2 


1  6  7T-I 

^££®K}£ 


1=1  7=0 


4]  440 

/o  MA) 


£{*,} 


_ iy1  y1'  A.  lh^) 

f  m>s/oJma) 


(3.148) 


f 

//A2 1 


L°2Cl2 


L°2Cl2 

7=1 _ 

/0/A4 

aV) 
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d 

e= i 


2  ( 


foftfTj 

LH\d ) 


1  6  t:1 

^EESK1 

I=0  j=l 


3N 


6  K,- 1  fD  K-l 

EE' I'1'  ,„/i';E 

1=0  7=1  L. H\^i  )  k= 0 

1,-t- 1 


&=o  Lfj  (d )  Xg 

k^t  1 


v/.  7 


LH(d) 


(  a2o2  ^ 


exp 


'  dB 


3N 


6  K,-lf  f  \ 

EE  f 

<=1  7=0  ^ 


MA) 

4W 


^uiE 

k=0 


K-  \(  r  \ 


h 


\U  J  . 

k*l  v  7  I 
A 


A"-l  C  r  ^ 


X 


Lh  (Pi )  /t=0 

**1 


A 

v/°7 


f  f  P  ~T  2  ^ 

3 ./o/l ;  cc  to -Cl4= - ^ 


L°2Ci4 

2>-  - 

LH\d) 

fJ^Tj 


_  f=i 


/0/A2 

LH\d) 


K-\ 


d 

V  rT  2  , 

Lcc  f  1  6  x,-l  f 


/**? 


£=0  Lfj  (d^Xg 


d 

=E 


2~ 
n  xx 


f  i  ±f 


mEE'I«! 

Jyv  i=0  7=1 


f  a2o2  ^ 


'V 

V/i  7 


M<*) 


MA) 


£WE 

&=o 


/■  ^ 


A 

v/077 


=  4 


exp 


'  ds 


A 


6  ^-1 X  f  7 


3N 


EE 

;=1  7=0 


k 

v/i  7 


4W 


MA) 


x 


K-\  (  f  \ 

J  k 

V/o  7 


lfc=0 


4.  ^ 


42(J) 


2/t-t  2 


/o/A 


L°2Cl5  = 

7=1 


_  7=1 


i>2Cl5 


M&! 

LH2(d) 


d 

E  7  1  6  x,=i  jc,=i 

<=i  1  V"  v  v 


/0/A2 

LH2(d) 


6  /sTI=l  JC,.  =1 

3WE  E  E 

JiV  /=1  7=0  <7=0 


/^  E\1]  kp, 


LH(D,)  UJ lh(z>) 


(3.149) 


(3.150) 


\ 

+ 

7 
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-it  S  t  % 


/= 1  j  =0  p  =1  q  =  0 
p±i 


1  6  £-1^=1  (  f  \{  f  \{ 

=^L  EE'I" ! 

i=l  7=0  <7=0 


/o 


4 

/i 


4W 

4(A) 


<£fc})3 


+ 


■■•'  ;VEEEE  *KM*/} 

^  ’  *=1  7=0  /?  =  1  <7=0 


6  ^-i  6  *7=i 


vjvv  a 

f  f  \{  f  V 


A 


4 

V/o  yV  yV 


4 

/l 


4(4  Y  LJd) 


4  (A)  I  4(4) 


£44K} 


= 


exp 

y  1 2_  2  \ 

9 

_ 

v _ i _ yj 

6  X,-l  K-\  (  f  \f  f  V  r  /  J\  V 


3  N 


E  £  E 

i=l  7  =0  <7=0 


4 

V/°  A-/  i  yV 


4 

/l 


4(4 
4(  A) 


+ 


+6?  X 


exp 

y  1 2_  2  a 

^  °dB 

9 

_ 

( _ _ _ A 

6  tf;-l  6  (  f  f  \( 


AN 


5. 


_A44_£ 
fJfX2  h 


rr2  —  l—l 
o  mi  - 


IEEE 

i= 1 
d 

E< 


/=1  7=0  P=1  q=  0 

pri 


4 

V/°  A.i  yV 


4 

/l 


4(4 

4(A) 


A 


4  AO 
4(A) 


2 

a  nil 


//A2 

LH\d) 


£42  ,/i/?re 


a  4  *'  4(4  ^  _  1  „  4(44 


mX 

LH\d) 


0  ^d 

2  /0pfr« 


(3.151) 


=  —  A 


4(44, 

4' 

1 

A" 

-1 

4' 

/44 

4  9 

“  2Z" 

14 

4°> 

(3.152) 


/  2<vn  L°_11i2 

A  \a  >  Y"A  2  _  1=1 _ 

f  f  p2t  2  1112  f  f  p2t  2 

Jo  J\  ‘t  4  <=1  JoJl*t  1cc 


LH\d ) 

d  1  DT"  JV7  A'-l 

E^^'tldt Ea  I,  SA 

/=!  Z  44*1  *=0  0  t  , ^ 

_ **1  _  Z  P„  U/J  ^  .. 

f  f  p~t  2  f  f  p  2t  2  2k 

Jo/Ar  Jcc  Jo)  ft  1  cc  *= 0 

*5*1 


AT-1 


444 


LH\d ) 


77 


(3.153) 


(3.154) 


(3.155) 
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=di  I  E2>^2>  -y 


0  )  i=l  )=  o 


f>Y„w  h] 
/.  i„(A)  Ul 


exp  — -2=-  ,  vi 
2  /£ 


—  I  ES'ei^I  —  F^ 
iv,  ss  U  Jmf 


(3.156) 


4V)  _  fe 

fofXTjh  1117  // 


E0™ 

i=i 


VW 


f  3iV02 

k  4  -j3  ^  f/i 

M&:  4/,2p,^2U 


LH\d) 

i(a  Ya 

4  /o  ^ 


4/' V) 


(3.157) 


T  2(d)  d  E°™ 

f  f  p2t  2  Y14  f  f  p2t  2 

Jo/lF  4c  ^1  /o/lF  Lcc 

LH\d) 


£  >iX 


^  /  cc  K- 1  '  '  r 

£=l _ y-  _  J=1 _ \U)  k=  2 

/*  r  q2 rj-\  2  P k  P k®  1  />  /»  jrj2 

JoJ\*t  1cc  k=2  JJ  xrt 


E  fkf« 


LH\d ) 

K-lf  r  r 

LJk  Jk®  1 

r  r 

k=  2  l  Jo  A  J 1 


V(J) 


(3.158) 


So  after  (3.148)  through  (3.158),  the  term  a2  from  (3.147)  can  be  expressed  as: 


L~H(d)  ^  V1^2  ,^2  ,  V1^2 

f  f  P2T2  L  E°  ^  +°  "'4'  +E° 

JoJ\rt  1cc  1=1  7=11  7=11 

(#13  i#14 
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APPENDIX  III-C  COMPARISON  OF  PROBABILITY  OF  BIT  ERROR  FOR 

THE  RAYLEIGH-LOGNORMAL  CHANNEL  USING  60° 
ANTENNA  SECTORING,  FEC  AND  PILOT  TONE 
FILTERING 


Figure  3.9.  Probability  of  Bit  Error  for  Coded  DS-CDMA  with  Rayleigh  Fading  and 
Lognormal  Shadowing  (a d B  =2)  with  20  Users  per  Cell,  using  60°  Sectoring. 
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Figure  3.10.  Probability  of  Bit  Error  for  Coded  DS-CDMA  with  Rayleigh  Fading  and 
Lognormal  Shadowing  (a dB  =  3)  with  20  Users  per  Cell,  using  60°  Sectoring. 
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Figure  3.11.  Probability  of  Bit  Error  for  Coded  DS  -CDMA  with  Rayleigh  Fading  and 
Lognormal  Shadowing  (o ilB  =4)  with  20  Users  per  Cell,  using  60°  Sectoring. 
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Figure  3.12.  Probability  of  Bit  Error  for  Coded  DS-CDMA  with  Rayleigh  Fading  and 
Lognormal  Shadowing  (a dB  =  5)  with  20  Users  per  Cell,  using  60°  Sectoring. 
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Figure  3.13.  Probability  of  Bit  Error  for  Coded  DS-CDMA  with  Rayleigh  Fading  and 
Lognormal  Shadowing  (a d B  =6)  with  20  Users  per  Cell,  using  60°  Sectoring. 
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Figure  3.14.  Probability  of  Bit  Error 
Lognormal  Shadowing  (<5 rlB  =7) 


for  Coded  DS-CDMA  with  Rayleigh  Fading  and 
with  20  Users  per  Cell,  using  60°  Sectoring. 
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Figure  3.15.  Probability  of  Bit  Error 
Lognormal  Shadowing  (odB=  8) 


for  Coded  DS-CDMA  with  Rayleigh  Fading  and 
with  20  Users  per  Cell,  using  60°  Sectoring. 
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Figure  3.16.  Probability  of  Bit  Error  for  Coded  DS-CDMA  with  Rayleigh  Fading  and 
Lognormal  Shadowing  (o d B  =9)  with  20  Users  per  Cell,  using  60°  Sectoring. 
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IV.  APPLYING  POWER  CONTROL  AT  THE  PILOT  TONE 
SIGNAL 


In  Chapter  III  we  analyzed  the  performance  of  the  forward  channel  in  a  DS- 
CDMA  cellular  system  implying  a  narrow  bandpass  filter  at  the  pilot  recovery  branch. 
We  developed  an  upper  bound  of  the  probability  of  bit  error  in  Rayleigh  fading 
lognormal  shadowing  environment  with  forward  error  correction.  As  we  saw  in  the 
simulated  results,  when  we  increased  either  the  number  of  users  in  the  cell,  or  the  amount 
of  interference  that  passes  through  the  filter,  the  performance  of  the  system  turned  out  to 
be  quite  poor. 

In  this  chapter  we  will  try  to  optimize  the  performance  by  adjusting  the  pilot  tone 
power  in  the  center  cell.  Increasing  the  power  in  the  pilot  channel  will  enhance 
synchronization  between  the  base  station  and  the  mobile  user  and  therefore  help  the 
demodulation  of  the  information  signal. 

As  seen  in  (2.8)  the  signal  power  Pt,k  in  each  channel  k  is  defined  as: 

Pu=fkP<,  (4-1) 

where 

fk  =  the  power  factor  used  to  adjust 
the  power  in  the  k'h  channel, 

Pt  =  the  baseline  signal  power 


If  we  assume  that  the  base  station  transmits  a  limited  amount  of  total  power  P  /  to 
all  the  channels,  then  we  can  write 


K,~  1 


fr  =  Zf^ 

k=Q 

=(/.+£/,  )p, 


k= 1 


(4.2) 
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In  our  analysis  we  assume  that  the  power  transmitted  by  the  base  station  is  equal 
for  all  the  channels,  except  the  pilot  tone  channel,  which  means  that  /*=  1  for  all  k^O. 
Moreover  there  is  a  constant  Cp,  such  that  PT  =  CPPt.  Thus  we  can  modify  (4.2)  as 
follows: 

CFP,=(f„+(K,-l)ft)P, 


or 


Cp=f0+(Ki-l)fk  (4.3) 

At  the  equal  power  case  that  we  examined  in  Chapter  III  we  assumed  that  the 
signal  powers  were  equal  for  all  the  channels,  which  using  (4.1)  implies  that  fo=fk=  1 
Applying  that  to  (4.3)  we  can  find  the  constant  Cp  as  follows: 

CP=l+K,-l=Ki  (4.4) 


As  we  see  the  constant  Cp  equals  to  the  number  of  users  or  channels  in  the  cell. 
Applying  (4.4)  to  (4.3),  we  get  a  general  form  for  the  power  factor  fp  that  adjusts  the 
power  at  the  other  channels,  given  by 


fk  = 


K,~f0 

K- 1 


(4.5) 


is 


The  amount  of  power  allocated  to  the  pilot  channel  can  be  derived  from  (4.1)  and 


P,.0  =  f0P,  =  fo-^  = 


k  f  \ 
Jo 

K, 


(4.6) 


We  also  see  in  (4.6)  that  the  ratio  of  the  allocated  power  at  the  pilot  tone  PtQ  to 
the  total  power  PT  is  equal  to 


R  =  P,’°  =  f° 

/o  PT  K  ' 


(4.7) 
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In  our  analysis  we  assumed  that  the  transmitted  power  is  limited.  Therefore,  when 
the  pilot  tone  power  is  increased,  the  power  distributed  to  the  other  channels  is  going  to 
be  reduced  by 

A Pt  k  =Pt  k  -P'k 

=fkpt-f;pt={fk-fk)pt 


1 

1 

p  = 

f/c-0 

t 

A-‘J 

'Mi' 

K-\ 


P,- 


(4.8) 


Normalizing  the  reduction  to  the  baseline  signal  power  we  have: 


Viz 1 

P  K  - 1 


(4.9) 


As  we’ll  see  later  in  our  analysis,  in  order  to  improve  performance  sometimes  it  is 
required  to  allocate  up  to  30  %  of  the  total  power  at  the  pilot  tone  depending  on  the 
channel  conditions,  which  means  that  Rf  =  0.3 .  Accordingly  the  reduction  in  the  power 
allocated  to  the  other  channels  given  by  (4.9)  is  going  to  be  minor,  assuming  a  large 
number  of  users  in  the  cell.  Thus  the  credit  for  any  improvement  in  the  performance 
analysis  would  exclusively  belong  to  the  pilot  tone  power  allocation. 

For  a  certain  percentage  (ratio)  of  power  allocated  at  the  pilot  channel  we  can 
calculate /o  from  (4.7)  and  then  introduce  the  result  to  (4.5)  and  find/i.  We  apply  these 
values  to  first  event  bit  error  probability  calculated  in  (3.105)  and  simulate  the  integral  of 
(3.98)  exactly  as  we  did  in  Chapter  III.  Accordingly,  we  find  the  tight  upper  bound  on  the 
bit  error  probability  defined  in  (3.99). 

Figure  4.1  compares  the  probability  of  bit  error  for  a  cellular  system  using  pilot 
power  control  with  the  equal  power  case  analyzed  in  Section  III.  In  an  average  case  of 
10%  of  pilot  channel  interference,  and  20  users  per  cell  in  a  shadowing  environment  with 
G  dB  =7  dB ,  we  observe  that  the  advantage  in  the  performance  using  power  control  is 
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considerable.  However,  there  is  a  cut-off  power,  where  the  power  control  no  longer 
provides  an  improvement  in  the  performance.  As  we  see  the  cut-off  occurs  when  we 
allocate  to  the  pilot  tone  around  40  %  of  the  total  power,  depending  on  the  channel 
conditions. 

Appendix  IV  provides  graphical  results  similar  to  Figure  4.1  for  various  channel 
conditions  verifying  the  statement  that  power  control  in  the  pilot  channel  dramatically 
improves  the  performance. 

Figure  4.2  depicts  the  performance  of  the  DS-CDMA  system  summarizing  all  the 
three  cases  we’ve  already  analyzed.  As  we  can  see  in  figure,  originally  the  performance  is 
quite  poor,  even  if  we  take  into  account  a  small  amount  of  interference  at  the  pilot 
channel.  However  when  we  add  power  control  to  the  pilot  channel  the  probability  of  bit 
error  we  achieve  is  quite  satisfactory  for  an  average  SNR  of  15  dB  (Pe~10"4). 


Figure  4.1.  Comparison  of  Probability  of  Bit  Error  for  DS-CDMA  with  Rayleigh- 
Lognormal  (oJB  =  7)  Channel  and  FEC  (RcC=l/2  and  ?=8),  assuming  1%  Pilot  Channel 
Interference,  20  Users/Cell  and  using  60°  Sectoring. 
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SNR  per  bit  (dB) 

Figure  4.2.  Comparison  of  Probability  of  Bit  Error  for  DS-CDMA  with  Rayleigh- 
Lognormal  (odB  =  7)  Channel  and  FEC  (RcC=l/2  and  ?=8),  20  Users/Cell  and  60° 

Sectoring. 

Accordingly,  we  have  shown  that  by  carefully  adding  power  control  to  the  pilot 
channel,  we  can  greatly  improve  the  performance  of  our  DS-CDMA  cellular  system 
operating  in  a  Raleigh- Lognormal  channel. 
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APPENDIX  IV.  COMPARISON  OF  PROBABILITY  OF  BIT  ERROR  FOR 

RAYLEIGH-LOGNORMAL  CHANNEL  USING  60° 
SECTORING,  FEC  AND  PILOT  TONE  POWER  CONTROL 


Figure  4.3.  Comparison  of  Probability  of  Bit  Error  for  DS_CDMA  with  Rayleigh- 
Lognormal  (adfj  =  2)  Channel  and  FEC  (RcC=l/2  and  ?=8),  assuming  1%  Pilot  Channel 
Interference,  20  Users/Cell  and  using  60°  Sectoring. 
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Figure  4.4.  Comparison  of  Probability  of  Bit  Error  for  DS_CDMA  with  Rayleigh- 
Lognormal  (cdB  =  3)  Channel  and  FEC  (RcC=l/2  and  ?=8),  assuming  1%  Pilot  Channel 
Interference,  20  Users/Cell  and  using  60°  Sectoring. 
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Figure  4.5.  Comparison  of  Probability  of  Bit  Error  for  DS_CDMA  with  Rayleigh- 
Lognormal  (odB  =  4)  Channel  and  FEC  (RcC=l/2  and  ?=8),  assuming  1%  Pilot  Channel 
Interference,  20  Users/Cell  and  using  60°  Sectoring. 
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Figure  4.6.  Comparison  of  Probability  of  Bit  Error  for  DS_CDMA  with  Rayleigh- 
Lognormal  ( oilB  =  5)  Channel  and  FEC  (RcC=l/2  and  ?=8),  assuming  1%  Pilot  Channel 
Interference,  20  Users/Cell  and  using  60°  Sectoring. 
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Figure  4.7.  Comparison  of  Probability  of  Bit  Error  for  DS_CDMA  with  Rayleigh- 
Lognormal  (odB  =  6)  Channel  and  FEC  (RcC=l/2  and  ?=8),  assuming  1%  Pilot  Channel 
Interference,  20  Users/Cell  and  using  60°  Sectoring. 
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Figure  4.8.  Comparison  of  Probability  of  Bit  Error  for  DS_CDMA  with  Rayleigh- 
Lognormal  (oJB  =  7)  Channel  and  FEC  (RcC=l/2  and  ?=8),  assuming  1%  Pilot  Channel 
Interference,  20  Users/Cell  and  using  60°  Sectoring. 
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Figure  4.9.  Comparison  of  Probability  of  Bit  Error  for  DS_CDMA  with  Rayleigh- 
Lognormal  (cdB  =  8)  Channel  and  FEC  (RcC=l/2  and  ?=8),  assuming  1%  Pilot  Channel 
Interference,  20  Users/Cell  and  using  60°  Sectoring. 
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Figure  4.10.  Comparison  of  Probability  of  Bit  Error  for  DS_CDMA  with  Rayleigh- 
Lognormal  (odB  =  9)  Channel  and  FEC  (RcC=l/2  and  ?=8),  assuming  1%  Pilot  Channel 
Interference,  20  Users/Cell  and  using  60°  Sectoring. 
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V.  SINGLE  CELL  MODEL  PERFORMANCE  ANALYSIS 


In  Chapter  III  we  analyzed  the  performance  of  the  forward  channel  in  a  DS- 
CDMA  cellular  system  for  a  large  number  of  users,  using  a  hexagonal  seven-cell  cluster 
model.  However  there  are  cases  such  as  in  academic,  industrial  or  military  environments 
where  port-to-port  communication  between  very  small  numbers  of  users  is  required.  In 
this  case,  since  the  use  of  a  complex  seven-cell  cluster  is  not  necessary  we  reduce  the 
number  of  cells  to  one  only,  establishing  a  type  of  an  Intracell  Network,  while  the 
advantages  of  DS-CDMA  such  as  the  high-speed  connection,  are  preserved.  In  this 
section  we  are  going  to  analyze  the  performance  of  the  single- cell  environment,  adapting 
the  analysis  we’ve  already  done  for  the  seven-cell  cluster  to  the  single  cell  case. 

A.  PROBABILITY  OF  BIT  ERROR  FOR  SINGLE- CELL  DS-CDMA 

In  a  single-cell  DS-CDMA  system,  as  its  name  denotes,  there  is  only  one  cell 
used,  thus  there  is  no  co- channel  interference  from  adjacent  cells.  Accordingly,  the 
received  signal  r(t)  is  going  to  contain  the  traffic  intended  for  the  mobile  user,  the 
interfering  signals  for  the  other  users  and  the  AWGN  only.  Accordingly,  we  can  modify 
(2.13)  as  follows: 

r(t)  =  s0(t)  +  n(t) 

=  X  (t  )wk (  )c(t)cos(2n  fct )  +  n(t) .  (5.1) 

k=  0 

The  despread  signal  yx(t)  at  the  information  signal  branch  can  be  expressed  as: 

y,  (t)  =  r(t)(i  t)  \y(t) 

=  s0(t)c(t)M{(t)+n(t)c(  f)  vy(0 

V  /  V 

h(t)+yx(t)  %(/) 

=  /1(0+y,(0+ri1(0,  (5.2) 

where  /,  contains  the  information  signal,  ?\  the  intracell  interference  and  ty  the  AWGN, 
following  the  procedure  we  analytically  described  in  Chapter  A  of  Section  III. 
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The  despread  signal  p(t )  in  the  pilot  recovery  branch  can  be  expressed  by 


p(t)  =  r(t)c(  1)  ty’(  t) 

=  sQ(t)c(t)w0(t)  +  n(t)c(  t)w()(t) 

/o(0+Yo(0  1o(0 

=  A)(0+y0(0+rio(0  (5.3) 

In  the  single  cell  case  when  small  number  of  users  is  present,  the  amount  of  total 
interference  is  not  expected  to  be  so  large  compared  with  the  seven-cell  case.  Therefore, 
we  will  first  try  to  analyze  the  performance  without  using  the  narrow  bandpass  filter  in 
the  pilot  recovery  branch. 


Accordingly,  the  demodulated  signal  y2(t)  is  going  to  be  expressed  by 


y2  (t)  =  y,  (t  p  (t ) 

=  Vo  +/iYo  +  AOo  +Y 1 1  o  +YiYo  +Yflo  +Vo  +rliYo  +,n1r|o  (5.4) 

As  we  observe,  y2(t)  is  the  same  with  the  seven-cell  case  defined  in  (3.17),  if  the  co¬ 
channel  interference  products  are  eliminated. 

Similarly,  the  decision  statistic  Y can  be  defined  as  follows: 


rL  =  fA<o* 


T 

T 

T 

T 

T 

T 

T 

T 

T 

Jv. 

+  JA, 

+  Ja'Ho 

+  Jy.y„ 

+  J»,Y. 

+  Jy?1o 

+  Jn/0 

+  jrl,Yo 

+ 

0 

r,pk  o 

r,P,  0 

r,Pk  0 

r,Pt  0 

r  p  0 

rpt  0 

r  p  0 

rp  0 

Y„  n„  Yn  Yb  1,4  1,5  1,7 


where  the  integrals  comprising  Fhave  been  thoroughly  analyzed  in  (3.35)  through  (3.50). 


Moreover,  we  apply  the  same  Forward  Error  Correction  (Rcc=  1/2,  v=8)  in  order  to 
improve  the  performance.  Consequently  the  first  event  error  probability  from  (3.94)  can 
be  adjusted  as  follows: 

(  \ 


p2(d)\z 


Q 


4  z. 


L2H(d) 


1  fM 

V 


,2T2  L. 

1cc  /= 


a 

If 


ni4 1 


+  G\k,  +° 


1ll,l  1l‘2J 


(5.5) 
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where  the  variances  of  the  intercell  interfering  terms  have  been  ignored,  while  the  terms 
appearing  in  the  denominator  have  been  thoroughly  calculated  in  Appendix  III- A,  B. 
Accordingly  the  first  event  error  probability  can  be  expressed  by 


a{  +  a2 


P2(d)  L=Q(V^)  (5.7) 

We  can  now  remove  the  conditioning  in  (3.97)  by  integrating  across  the  pdf 
pa(a )  as  follows: 


P2(d)=  |  P2(d)\a  pa(a)dci 
=  {  Q(V«)  pa(a)da 


(5.8) 


Accordingly,  we  will  simulate  the  first  event  error  probability  exactly  as  we  did  in 
Chapter  III,  using  10,000  Monte  Carlo  simulation  trials,  and  consequently  we’ll  find  the 
upper  power  on  the  bit  error  probability  Pe  as  follows: 

|  d  free  +4 

£  MW  (5.9) 

*  d=dfrel 

We  should  also  note  that  in  the  simple  single  cell  case  there  is  no  need  to 


implement  sectoring  to  the  antennas,  since  we  don’t  have  any  intercell  interference. 
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In  Figure  5.1  the  probability  of  bit  error  versus  the  average  SNR  defined  in  (8.1), 
is  represented  for  a  Rayleigh- Lognormal  environment  with  o [IB  =  3.  As  we  observe,  the 

performance  of  the  single  cell  system  proved  to  be  quite  satisfactory  for  2  users  in  the 
cell.  However  when  we  increase  the  number  of  users  to  3,  the  performance  deteriorates 
dramatically  due  to  the  introduced  intracell  interference. 


Figure  5.1.  Probability  of  Bit  Error  for  Single  Cell  DS-CDMA  in  a  Rayleigh- 
Lognormal  (adB  =  3)  Channel  using  FEC  ( Rcc=  1  /2  and  v=8). 


Figure  5.2  depicts  performance  results  for  various  lognormal  shadowing 
conditions  with  two  users  in  the  cell.  As  we  see  the  probability  of  bit  error  is  quite 
satisfactory  for  two  users  in  the  cell  in  almost  all  the  channel  conditions. 
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Figure  5.2.  Probability  of  Bit  Error  for  a  Single-Cell  DS-CDMA  in  a  Rayleigh  Fading 
Lognormal  Shadowing  Channel  with  2  Users  in  the  Cell,  using  FEC  (Rcc=  1/2  and  v=8). 

Accordingly  we  showed  that  communication  between  two  users  in  a  single  cell 
DS-CDMA  Rayleigh  fading  and  Lognormal  shadowing  channel  can  be  quite  effective. 
However  the  performance  of  the  system  turned  out  to  be  quite  poor  when  the  number  of 
the  users  in  the  cell  was  further  increased.  Consequently,  in  the  next  chapter  we  will  try 
to  increase  the  capacity  of  the  single  cell  system  cutting  down  the  interference  from  the 
other  users  with  a  narrowband  filter. 

B.  APPLYING  FILTERING  AT  THE  PILOT  TONE  ACQUISITION 
BRANCH 

As  we  saw  in  Section  B  the  performance  of  the  single  cell  system  turned  out  to  be 
quite  poor  even  for  three  users  per  cell.  Therefore,  in  this  chapter  we  will  add  a 
narrowband  filter  at  the  pilot  tone  acquisition  branch  to  limit  down  the  interference  from 
the  other  users  and  the  noise. 


107 


We  will  follow  the  analysis  we  did  in  Section  G  of  Chapter  III  using  the  variable 
B  to  define  the  amount  of  interference  passing  through  the  filter,  which  is  directly 
proportional  to  the  bandwidth  and  the  type  of  the  filter.  Consequently,  we  can  adopt  the 
first  event  error  probability  from  (3.105),  and  ignore  the  contribution  of  the  intercell 
interfering  terms  as  follows: 


P2(d)  | 
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For  simplicity  we  can  set 
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Therefore  (5.10)  can  now  be  expressed  as 

P2(d)  L  =Q(yfa) 


(5.11) 


(5.12) 


We  can  now  remove  the  conditioning  in  (5.12)  by  integrating  across  the  pdf 
pa(ci )  as  follows: 

P2(d)=  j  P2(d)\a  pa(a)da 

=  {  Q  (4a)  pa(a)da  (5.13) 

Accordingly,  we’ll  simulate  the  first  event  error  probability  exactly  as  we  did  in 
Chapter  III,  using  10,000  Monte  Carlo  simulation  trials,  and  consequently  we’ll  find  the 
upper  power  on  the  bit  error  probability  Pe  as  follows: 


1  d  free  +4 

p.zj  £ 

^  d=dfree 


The  performance  results  of  the  system  using  the  filter  turned  out  to  be  quite  good. 
As  depicted  in  Figure  5.3,  the  probability  of  bit  error  decreases  dramatically  as  the 
interference  diminishes,  allowing  the  system  to  operate  effectively  at  worse  channel 
conditions  and  greater  capacities. 
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Figure  5.3.  Comparison  of  Probability  of  Bit  Error  for  a  Single-Cell  DS-CDMA  in  a 
Rayleigh  Fading  Lognormal  Shadowing  Channel  with  3  Users  in  the  Cell,  using  FEC 

(Rcc=  1/2  and  v=8). 


Therefore,  we  use  a  narrower  filter  and  check  the  performance  of  the  system  in  all 
the  channel  conditions  for  a  larger  number  of  users.  As  we  see  in  Figure  5.4,  the  system 
can  now  operate  with  an  acceptable  performance  in  an  environment  with  5  users  per  cell 
limiting  the  amount  of  interfering  power  at  1%. 
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Figure  5.4.  Probability  of  Bit  Error  for  a  Single-Cell  DS-CDMA  in  a  Rayleigh  Fading 
Lognormal  Shadowing  Channel  with  5  Users  in  the  Cell,  using  FEC  (Rcc=  1/2  and  v=8) 

and  Pilot  Tone  Filtering. 


Accordingly,  we’ve  shown  that  the  communication  between  small  numbers  of 
users  in  a  single  cell  environment  is  effective,  and  that  the  use  of  narrowband  filtering  at 
the  pilot  tone  can  increase  the  performance  and  the  capacity  of  the  system. 


Ill 
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VL  CONCLUSIONS  AND  FUTURE  WORK 


In  this  thesis  we  analyzed  the  performance  of  the  forward  channel  of  a  DS  CDMA 
cellular  system  operating  in  a  Rayleigh- fading,  Lognormal- shadowing  environment.  We 
optimized  the  performance  using  various  techniques,  such  as  pilot  tone  filtering, 
sectoring,  convolutional  encoding  and  pilot  channel  power  control.  Finally,  we  presented 
a  simple  case  of  DS-CDMA  system  operating  in  only  one  cell  in  the  form  of  port-to-port 
communication  between  small  numbers  of  users. 

A.  CONCLUSIONS 

In  Chapter  II  we  set  up  a  forward  channel  for  the  DS-CDMA  cellular  system.  We 
also  built  an  information  signal  and  we  propagated  it  through  the  medium  channel, 
applying  all  the  appropriate  losses,  effects  and  interferences.  We  used  the  extended  Hata 
model  to  predict  the  large-scale  path  loss  and  we  further  incorporated  lognormal 
shadowing.  Moreover,  we  used  Rayleigh  fading  to  include  small-scale  propagation 
effects.  Finally  we  formed  the  total  received  signal  by  the  examined  user,  including  the 
intracell  and  intercell  interference,  as  well  as  the  Additive  White  Gaussian  Noise 
(AWGN). 

In  Chapter  III  we  set  the  mobile  user  in  a  position  in  the  center  cell  of  the  seven¬ 
cell  cluster  assuming  the  worst-case  scenario.  We  demodulated  the  received  signal  and 
we  developed  a  Signal  to  Noise  plus  Interference  Ratio  (SNIR),  taking  into  account  all 
the  interfering  terms.  We  then  incorporated  Forward  Error  Correction  (FEC)  and 
developed  a  tight  upper  bound  on  the  bit  error  probability  for  the  coded  system.  We 
simulated  the  probability  of  bit  error  using  Monte  Carlo  simulation  method  and  we 
compared  the  performance  results  with  previous  work  done.  The  resulted  performance 
was  found  quite  poor,  even  for  a  small  number  of  users  due  to  the  large  amount  of 
interference  imported  from  the  pilot  recovery  branch.  Therefore,  we  applied  a 
narrowband  filter  in  order  to  limit  down  the  power  of  the  interference  terms  and  we 
revised  the  already  developed  probability  of  error.  Finally  we  further  reduced  the  intercell 
interference  by  adding  antenna  sectoring.  The  performance  we  achieved  was  quite 
acceptable.  However,  whenever  we  increased  the  amount  of  interference  passing  through 
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the  filter,  (in  other  words,  the  bandwidth  of  the  filter),  applied  “heavy”  shadowing 
conditions,  or  augmented  the  number  of  users  per  cell,  the  performance  of  the  system 
diminished,  much  below  the  acceptable  standards. 

In  Chapter  IV  we  further  optimized  the  performance  of  the  system  by  introducing 
power  control  to  the  pilot  tone  channel.  We  derived  a  relation  between  the  power 
allocated  to  the  pilot  channel  and  the  other  channels  and  we  simulated  again  the 
probability  of  bit  error.  The  performance  of  the  sys  tern  was  greatly  improved  using  pilot 
tone  power  control.  However  in  heavy  conditions  or  when  we  use  increased  the 
bandwidth  of  the  filter,  20  or  even  30  %  of  the  total  power  needed  to  be  allocated  at  the 
pilot  channel  for  optimum  results.  Finally  a  comparison  the  resulted  probability  of  bit 
error  with  previous  and  related  work  done  is  done. 

In  Chapter  V,  we  presented  a  simple  case  of  a  single  cell  environment,  where  a 
port-to-port  communication  between  two  or  three  users  is  required.  We  adopted  the 
already  developed  probability  of  bit  error  for  the  seven-cell  cluster,  revising  it  to  a  much 
simpler  form  where  intercell  interference  is  eliminated.  Moreover,  the  use  of  antenna 
sectoring  or  narrowband  pilot  tone  filtering  was  not  required.  We  developed  the 
probability  of  bit  error  and  we  simulated  it  using  Monte  Carlo  simulation  method.  The 
performance  of  the  system  turned  out  to  be  acceptable  for  two  users  in  the  cell  and  “light” 
shadowing  conditions.  Further  improvement  in  the  performance  was  achieved  by  using  a 
bandpass  filter  at  the  pilot  tone  branch  .The  capacity  of  the  cell  increased  to  five  users  for 
an  average  1%  of  interference  passing  through  the  filter. 

B.  FUTURE  WORK 

The  analysis  we  followed  could  be  easily  adapted  for  a  lot  of  research  in  the  DS- 
CDMA  cellular  systems.  For  example,  performance  analysis  in  a  Nakagami  or  a  Ricean 
instead  of  a  Rayleigh  fading  channel  could  be  done,  using  the  same  procedure  and  the 
same  probability  of  error  that  we  derived. 

Moreover,  in  Chapter  V  we  implemented  pilot  tone  power  control  to  enhance  the 
performance.  Fast  power  control  could  be  applied  instead,  and  a  comparison  of  the 
performance  could  be  made. 
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Furthermore,  in  our  analysis  we  placed  the  receiving  mobile  user  at  the  edge  of 
the  hexagonal  cell  examining  the  worst- case  scenario.  A  probability  of  error  based  on 
different  user  distribution  could  also  be  derived. 

Finally,  a  not  so  practical  performance  analysis  choosing  a  particular  type  of  filter 
at  the  pilot  tone  branch  could  be  done  in  Chapter  IV,  where  the  resulted  probability  of 
error  would  be  directly  proportional  to  the  bandwidth  of  the  filter. 
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